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AURORAL  SCATTER 

by 

P.  A.  Forsyth 

Centre  for  Radio  Science 
University  of  Western  Ontario 
London.  Canada 


The  evidence  regarding  the  nature  of  radio  aurora,  particularly  that  rela¬ 
ting  to  the  scattering  mechanism  is  reviewed.  Much  evidence  is  found  wh.ch 
supports  the  hypothesis  that  the  radio  waves  are  scattered  from  electron  den¬ 
sity  gradients  produced  by  propagating  ion-acoustic  waves  in  the  auroral 
ionization.  Such  waves  could  be  generated  by  the  auroral  electrojet.  Never¬ 
theless  there  is  another  large  body  of  evidence  which  cannot  be  explained  by 
the  existence  of  ion-acoustic  waves.  It  is  concluded  that  this  evidence  relates 
to  occasions  on  which  the  radio  waves  are  weakly  scattered  from  electron  density 
gradients  randomly  distributed  throughout  the  auroral  ionization.  It  is  pos¬ 
sible  also  that  strong  scattering  sometimes  occurs  for  radio  frequencies  near 
the  bottom  of  the  VHP  band. 
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AURORAL  SCATTER 
P.  A.  Forsyth 


1.  INTRODUCTION 

Any  attempt  to  discuss  the  scattering  of  radio  waves  by  auroral  ionization  is  faced  with 
a  number  of  pitfalls.  A  large  amount  of  experimental  evidence  has  been  accumulated  in  the 
last  twenty  years,  and  it  is  quite  impossible  to  provide  a  comprehensive  summary  in  a  con¬ 
venient  form.  Calling  attention  to  any  part  of  this  evidence  as  being  more  significant 
than  the  rest  presupposes  a  model  of  the  scattering  process  which  is  being  tested  against 
the  evidence.  The  most  important  model  of  this  kind  to  emerge  in  recent  years  is  that 
derived  from  the  work  of  Farley1  in  which  it  is  suggested  that  ion-acoustic  waves  in  the 
auroral  ionization,  generated  by  the  auroral  electrojet,  provide  the  ionization  gradients 
which  are  detected  as  radio  aurora.  While  too  early  for  a  definitive  assessment  it  seems 
likely  that  this  model  may  well  join  a  growing  list  of  previous  models,  each  of  which  has 
successfully  explained  the  characteristics  of  certain  examples  of  radio  aurora  but  failed 
to  explain  other  examples. 

In  what  follows,  evidence  which  seems  to  bear  on  the  ion-acoustic  wave  model  is  surveyed 
and  the  expected  characteristics  of  the  scattered  signals  are  then  compared  with  those 
that  are  observed. 


2.  THE  EXPERIMENTAL  EVIDENCE 
2.1  Aspect  Sensitivity 

From  the  earliest  investigations  it  has  been  obvious  that  radio  echoes  from  aurora  tend 
to  arise  in  regions  where  the  radio  waves  are  nearly  perpendicularly  incident  upon  the 
lines  of  force  of  the  earth’s  magnetic  field.  For  an  observing  station  in  middle  latitudes 
in  the  Northern  Hemisphere  these  regions  are  near  the  northern  horizon.  At  first  it  was 
assumed  that  the  echoes  arose  by  specular  reflection  from  greatly  elongated  columns  of 
ionization  aligned  with  the  magnetic  field  and,  indeed  an  early  analysis  (Chapman2  ) 
undertook  to  predict  the  regions  of  the  earth  from  which  auroral  radar  echoes  could  be 
obtained.  For  a  station  located  within  a  few  hundred  kilometres  of  the  auroral  zone  the 
specular  condition  cannot  be  fulfilled  and  echoes  would  not  be  expected.  In  fact  echoes 
are  observed  more  frequently  from  stations  near  the  auroral  zone  than  from  stations  at  lower 
latitudes,  indicating  that  precise  perpendicularity  is  not  requ: red.  Nevertheless  a  strong 
geometrical  dependence  is  present.  For  a  given  station  the  number  of  echoes  observed 
increases  as  perpendicularity  is  approached.  The  term  "aspect  angle”  is  used  to  denote 
the  angle  between  the  direction  of  the  ray  from  the  radar  station  to  the  echoing  region 
and  the  direction  of  the  earth’ s  magnetic  field  in  the  echoing  region.  The  dependence  of 
echo  strength  or  echo  occurrence  on  this  aspect  angle  is  called  "aspect  sensitivity”. 

One  of  the  most  systematic  attempts  to  determine  the  aspect  sensitivity  of  radio  aurora 
was  carried  out  during  the  International  Geophysical  Year  by  McDiarmid  and  McNamara3  , 
using  two  radars  to  observe  a  region  of  the  auroral  zone  simultaneously  from  the  north  and 
from  the  south.  They  concluded  that  for  aspect  angles  between  95°  and  110°  the  average 
variation  of  echo  strength  with  angle  was  about  1  dB  per  degree  for  a  frequency  near  50  MHz. 
Generally,  the  evidence  seems  to  suggest  increasing  aspect  sensitivity  with  increasing 
frequency  and  as  the  aspect  angle  approaches  90°  (Leadabrand,  Larson  and  Hodges4). 
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While  most  VHP  and  UHF  radar  observations  seem  to  indicate  the  high  aspect  sensitivity 
described  in  the  preceding  paragraph,  somewhat  different  results  have  been  derived  from 
bistatlc  VHP  radio  systems.  Collins  and  Forsyth5  identified  three,  or  possibly  four, 
distinct  types  of  radio  aurora  of  which  two  showed  varying  degrees  of  aspect  sensitivity 
but  the  remainder  (their  A3  and  S  events)  showed  a  relative  lack  of  aspect  sensitivity. 
The  number  of  these  VHP  bistatlc  "circuits"  that  have  been  used  in  Canada  for  studies  of 
radio  aurora  is  now  approaching  forty.  Figure  1  shows  &  representative  group  of  the  paths 
used.  For  only  two  of  these  paths  does  the  aspect  angle  actually  reach  90°.  For  the  rest, 
minimum  aspect  angles  range  from  91°  to  105°.  The  circuits  have  been  operated  at  various 
times  over  the  past  twelve  years  but  all  have  yielded  an  abundant  harvest  of  auroral 
reflections. 

2. 2  Other  Geometrical  Considerations 

In  addition  to  aspect  sensitivity,  other  effects  seem  to  occur.  One  of  these  that  is 
particularly  puzzling  has  been  tentatively  interpreted  as  an  elevation-angle  effect  but 
may  actually  be  more  appropriately  interpreted  as  evidence  of  ion-acoustic  waves.  The 
situation  can  best  be  described  in  terms  of  a  concrete  example.  At  Saskatoon  the  distri¬ 
bution  of  auroral  radar  echoes  in  range  and  azimuth  at  both  56  and  106  MHz  has  been 
determined  several  times  (see,  for  example,  Currie,  Forsyth  and  Vawter6  ).  Such  distri¬ 
butions  show,  in  addition  to  aspect  sensitivity,  a  general  concentration  near  the  auroral 
zone.  However  two  areas  having  similar  aspect  angles  and  located  at  similar  distances 
from  the  centre  of  the  auroral  zone  can  be  compared.  For  example  this  condition  prevails 
for  a  comparison  of  an  area  about  400  km  due  north  of  Saskatoon  with  one  that  is  800  km 
away  from  Saskatoon  in  a  direction  60°  east  of  north.  The  number  of  echoes  received  from 
the  latter  region  is  much  greater  than  that  received  from  the  former  in  spite  of  the  rapid 
decrease  in  radar  sensitivity  with  distance.  Since  the  more  distant  region  i?  viewed  at  a 
lower  elevation  angle  the  effect  might  be  due  to  elevation  angle  alone. 

In  searching  for  an  explanation  some  authors  have  suggested  absorption  but  this  mechanism 
seems  hardly  likely  to  be  completely  responsible  for  the  effect.  Another,  more  promising 
suggestion  has  recurred  several  times  and  was  made  most  recently  by  Unwin7.  Refraction 
in  the  ionosphere  may  become  important  at  low  elevation  angles  under  auroral  conditions 
and  the  result  would  be  to  improve  the  effective  aspect  angle  at  low  elevation  angles. 

It  may  also  be  suggested  that  the  Saskatoon  data  are  typical  and  certainly  for  these  data 
the  more  distant  area  is  also  characterized  by  a  smaller  angle  between  the  direction  of 
observation  and  the  average  direction  of  flov'  of  the  auroral  electrojet  This  in  turn 
should  lead  to  an  increased  probability  of  observation  of  ion-acoustic  waves. 

Yet  another  effect  has  to  do  only  with  the  radar  parameters  and  the  disposition  of  the 
auroral  ionization.  Several  specific  cases  have  been  discussed  by  Forsyth8,  but  one  example 
will  serve  to  illustrate  the  nature  of  this  "observational"  effect.  Consider  a  large  number 
of  scatterers  disposed  in  a  region  extending  many  kilometres  in  the  east-west  direction  but 
only  about  one  kilometre  in  the  north-south  direction  (similar  in  shape  to  an  auroral  arc). 
Let  this  distribution  be  observed  by  a  radar  having  a  fairly  wide  antenna  beam  width 
(say  20°)  and  a  fairly  short  pulse  length  (say  20  microseconds).  Such  a  radar  will  obtain 
much  stronger  echo  when  the  array  of  scatterers  is  located  to  the  north  of  the  radar  than 
when  the  same  array  of  scatterers  is  located  to  the  east  of  the  radar,  simply  because  in  the 
first  case  a  larger  number  of  scatterers  can  contribute  simultaneously  to  the  echo.  Any 
observational  verification  of  the  effect  would  give  a  better  understanding  of  the  nature 
of  the  auroral  scatterers.  This  verification  has  not  yet  been  obtained. 

2.3  Height  of  the  Scattering  Region 

In  principle  the  determination  of  the  height  of  the  echoing  region  by  radar  is  straight¬ 
forward.  It  is  only  necessary  to  determine  the  elevation  of  the  target  as  viewed  from  the 
radar  and  the  range  to  the  target  in  order  to  determine  geometrically  the  height  of  the 
target  above  the  (curved)  surface  of  the  earth.  Unfortunately,  the  ranges  are  so  great 
and  the  elevation  angles  so  small  that  even  at  UHF  (above  300  MHz)  the  achievable  antenna 
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beamwidths  are  too  broad  to  permit  accuracy  of  measurement.  At  lower  frequencies  the 
problem  is  more  difficult  and  corrections  should  be  made  for  refraction. 

A  number  of  radio-auroral  heights  have  been  reported  but  unfortunately  many  of  these 
were  derived,  not  by  the  direct  measurement  described  above,  but  by  assuming  that  echoes 
could  be  produced  only  where  the  aspect  angle  is  precisely  90°.  In  the  Northern  Hemisphere 
satisfactory  height  determinations  seem  to  have  been  made  at  VHF  by  Harang  and  Trolm9,  and 
by  Currie,  Forsyth  and  Vawter*.  In  the  Southern  Hemisphere,  Unwin  and  Gadsden10  and  Unwin11 
were  able  to  take  advantage  ci  an  elevated  site  to  make  precise  measurements.  All  of  these 
investigations  indicated  that  the  auroral  echoes  originated  in  a  remarkably  well-defined 
range  of  heights  near  but  probably  above  the  100  km  level.  At  higher  frequencies,  Lockwood12 
and  Leadabrand13  found  that  most  of  the  echoes  were  produced  in  the  100-105  km  height  region. 

It  seems  that  the  scattering  is  produced  predominantly  at  heights  corresponding  closely 
with  the  heights  of  maximum  luminosity  in  auroral  forms.  It  is  also  clear  that  the  range 
of  heights  over  which  the  scattering  occurs  is  more  limited  than  is  the  corresponding  range 
for  luminosity.  It  is  interesting  to  note  that  the  lower  part  of  the  visible  auroral  form, 
possibly  the  most  luminous  part,  is  also  thought  to  be  the  approximate  location  of  the 
auroral  electrojet. 

A  possible  exception  to  this  uniformity  of  height  is  provided  by  the  A3  and  S  echoes 
of  Collins  and  Forsyth5.  Only  indirect  evidence  is  available  but  this  evidence,  recently 
confirmed  by  Collins  and  Maynard14,  suggests  that  the  scattering  region  responsible  for 
these  events  is  located  well  below  the  100  km  level,  probably  at  about  85  km. 

2.4  Motions  in  Radio  Aurora 

A  number  of  studies  of  motions  of  auroral  echoes  with  time  have  been  made,  but  more 
important  for  our  present  purpose  is  the  relatively  large  number  of  direct  measurements 
of  the  frequency  spectrum  of  the  scattered  radiation.  Starting  with  Bowles15  and  McNamara15, 
many  Investigations  have  found  that  the  returned  signal  is  spread  in  frequency  and  often 
shifted  by  amounts  which  are  proportional  to  the  radar  frequency  (suggestive  of  Doppler 
shifts)  corresponding  to  random  speeds  of  about  500  m  sec"1.  The  ordered  velocities  found 
by  the  spectrum  analysis  correspond  reasonably  to  that  found  for  the  echoing  regions  by 
measuring  the  rate-of-change  of  range.  It  must  be  added,  however,  that  most  of  the  early 
measurements  of  frequency  spectrum  did  not  have  sufficient  resolution  to  be  able  to  detect 
modest  concentrations  of  energy  which  might  have  been  present  at  frequencies  corresponding 
to  acoustic  velocities. 

2.5  Frequency  Dependence 

A  number  of  earlier  investigations  used  two  frequencies  in  an  attempt  to  establish  the 
frequency  dependence  of  the  auroral  reflections.  About  all  that  was  accomplished  was  to 
establish  the  extreme  variability  of  the  phenomenon.  As  soon  as  three  or  more  frequencies 
were  used  it  was  possible  to  see  that  not  only  was  the  frequency  dependence  variable  but 
that  it  was  inconsistent  with  any  simple  description  of  the  scattering  process.  Four  exactly 
scaled  bistatic  systems  with  wide  transmitter-receiver  separations  (860  km)  were  used  by 
Forsyth  and  Vogan17.  Another  four  scaled  bi3tatic  systems  with  much  smaller  transmitter- 
receiver  separations  (so  that  the  scattering  was  nearly  backscatter)  were  used  at  frequencies 
ranging  from  42  to  104  MHz  by  Lyon  and  Forsyth18.  The  widest  frequency  range  used  seems 
to  be  that  of  Leadabrand,  Larson  and  Hodges4  which  included  six*flrequencies  between  50  and 
3000  MHz.  Unfortunately  it  was  not  possible  to  use  exactly  scaled  systems  over  so  wide  a 
frequency  range  and  in  the  absence  of  precise  knowledge  of  the  volume  of  the  echoing  region 
there  is  a  substantial  uncertainty  regarding  the  derived  frequency  dependence. 

The  results  of  all  these  investigations  seem  to  indicate  that,  while  on  occasion  the 
frequency  dependence  is  well  behaved,  such  that  the  scattering  cross-section  is  approximately 
independent  of  frequency,  there  are  other  occasions  when  the  cross-section  decreases  rapidly 
but  non-uni formly  with  frequency.  Some  typical  frequency  dependence  results  taken  at  four 
frequencies  and  at  3.75  minute  intervals  by  Lyon  and  Forsyth18  are  shown  in  Figure  2. 
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3.  THE  SCATTERING  PROCESS 

While  much  necessary  information  has  been  provided  by  other  types  of  measurements,  the 
most  Important  clues  to  the  nature  of  the  scattering  process  in  radio  aurora  seem  to  be 
contained  in  the  frequency  dependence  measurements  and  in  the  detailed  measurements  of  the 
frequency  spectrum  of  the  scattered  radiation.  Dealing  first  with  the  frequency  dependence, 
it  is  usual  to  discuss  the  scattering  cross-section  of  the  radio  aurora, 


where 


Pj.  64  n 3 

Pt  w3 


(R“)  . 


<t  -  radar  cross-section 

Pr  ~  received  power 

Pt  =  transmitted  power 

R  =  range  to  s<  atterer 

Gr  =  receiving  antenna  gain 

Gt  =  transmitting  antenna  gain 

\  =  operating  wavelength  of  the  radar. 


(1) 


This  cross-section  is  related  to  the  scattering  coefficient  (the  power  scattered  per 

unit  solid  angle  per  unit  incident  power  density)  cr  by  a  constant 

8 

or  “  4l"Icrs  (2) 


and  for  our  purposes  we  need  not  differentiate  between  them. 

Until  quite  recently  it  was  assumed  that  the  evidence  of  frequency  spread  in  the  scattered 
signal  was  a  clear  indication  that  the  scattering  region  was  made  up  of  a  large  number  of 
scatterers  in  random  relative  motion  and,  most  importantly,  distributed  randomly  in  space. 

As  a  result,  several  attempts  to  develop  a  model  of  the  scattering  region  were  made,  all 
based  on  the  random  distribution  of  scatterers.  The  best  known  of  these  is  that  produced 
by  Booker1’  who  assumed  that  all  scattering  in  radio  aurora  was  weak  scattering  and  took 
place  at  gradients  of  electron  density  (gradients  of  index  of  refraction)  which  were  randomly 
distributed  in  space.  The  term  weak  scattering  is  used  to  indicate  a  situation  where  only 
a  small  fraction  of  the  incident  power  is  scattered  at  any  particular  gradient.  Booker 
avoided  a  precise  description  of  individual  scatterers  and  characterized  the  scattering 
region  by  the  spatial  auto-correlation  function  of  its  electron  density  variation.  This 
auto-correlation  function  was  assumed  to  have  a  Gaussian  form  which  again  implies  no  order 
in  th  ■  spatial  distribution  of  the  scattering  gradients.  Such  a  distribution  will  produce 
a  sc  .ered  sign  1  at  any  given  frequency  which  varies  in  amplitude  with  scattering  geometry 
(pai  ticularly  if  the  auto-correlation  function  is  non  isotropic)  and  with  the  correlation 
length  (or  lengths),  but  at  any  instant  in  time  the  relationship  between  cross-section  and 
wavelength  will  be  given  by 


a  -  crQ  exp  (  -K/\2)  .  (3) 

Somewhat  later,  Moorcroft 20,21  used  a  different  description  of  the  region,  describing 
each  scatterer  as  a  cloud  of  electrons  having  a  Gaussian  electron  density  variation  (a 
gaussoid): 


N 


NQexp{-[(x2  +y2)/a2  +  y2/c2]}  , 


(4) 
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where  N  is  the  electron  density  (m'3),  x  ,  y  and  z  are  spatial  co-ordinates,  and 
a  and  c  are  size  parameters  of  the  cloud.  While  this  description  seems  at  first  glance 
to  be  more  restrictive  than  that  used  by  Booker,  for  weak  scattering  it  can  be  used  in  a 
way  that  is  formally  similar  to  the  Booker  model  provided  the  gaussoids  are  assumed  to  be 
randomly  distributed.  The  major  advantage  is  that  this  model  can  be  extended  to  include 
strong  scattering  when  the  peak  electron  densities  in  some  of  the  gaussoids  are  assumed 
to  approach  the  value  for  critical  reflection  given  by 

N  =  4FT/\2re  ,  (5) 

where  A.  is  the  radio  wavelength  and  r0  the  classical  electron  radius.  Because  the 
inclusion  of  strong  scattering  introduces  a  strong  frequency  dependence  in  one  part  of  the 
frequency  range,  leaving  higher  frequencies  unaffected,  it  is  no  longer  possible  to  specify 
the  frequency  dependence  simply.  In  fact  one  might  expect  to  encounter  a  variation  of 
cross-section  with  frequency  like  that  shown  in  Figure  3.  In  that  figure  the  region  marked 
(c)  corresponds  to  weak  scattering  for  the  whole  region  and  the  frequency  dependence  is  that 
given  by  Equation  (3).  The  region  marked  (a)  corresponds  to  critical  reflection  when  most 
of  the  scatterers  are  opaque  to  the  incident  radiation.  The  actual  frequency  dependence 
in  this  region  is  dependent  upon  the  distribution  of  sizes  of  scatterers  and  the  distribution 
of  the  peak  electron  densities.  The  region  marked  (b)  corresponds  to  the  transition  from 
weak  to  strong  scattering  and  was  assumed  to  be  the  most  characteristic  feature  of  the  model. 
In  practice  one  might  expect  the  transition  region  to  sweep  through  the  region  of  observa¬ 
tion,  moving  to  higher  frequencies  with  increasing  intensity  of  ionization  and  to  lower  fre¬ 
quencies  as  the  aurora  becomes  weaker.  As  long  as  random  spatial  distributions  only  were 
being  considered  the  curve  of  Figure  3  was  thought  to  be  a  unique  indication  of  strong 
scattering  and  the  observation  of  such  frequency  dependence  curves  (like  some  of  those  in 
Figure  2)  was  considered  to  be  clear  evidence  of  the  operation  of  strong  (critical)  reflec¬ 
tion  in  the  lower  part  of  the  VHF  band  (electron  densities  approaching  107  cm-3). 

Moorcroft22  has  re-examined  the  experimental  frequency  dependence  curves  in  more  detail 
in  an  effort  to  see  if  the  introduction  of  complex  size  distributions  in  the  scatterers  could 
account  for  these  curves  using  only  weak  scattering.  In  fact  he  concludes  that  not  only 
is  this  impossible  but  that  it  seems  physically  unreasonable  to  explain  all  of  the  curves 
using  only  a  combination  of  weak  and  strong  scattering.  In  the  end  he  chooses  to  question 
the  assumption  of  random  distribution  because  most  of  the  peculiarities  of  the  observed 
frequency  dependence  curves  could  be  explained  by  a  model  which  permits  some  ordered  array 
of  scatterers.  Indeed  once  this  is  accepted  there  is  no  longer  any  need  to  include  strong 
scattering  to  account  for  the  frequency  dependence  curves.  This  is  more  clearly  seen  when 
it  is  recalled  that  any  distribution  of  electron  density  gradients  may  be  represented  by 
a  series  of  spatial  Fourier  components  of  different  wavelengths,  phases  and  amplitudes.  A 
radar  measurement  at  a  given  frequency  and  along  a  given  line-of-sight  merely  responds  to 
the  appropriate  spatial  Fourier  component  along  that  line-of-sight  (for  backscatter,  the 
appropriate  Fourier  component  has  a  wavelength  which  is  just  one  half  of  the  radio  wave¬ 
length).  The  spatial  Fourier  "spectrum”  is  just  reproduced  in  the  spectrum  representing 
the  scattering  cross-section  as  a  function  of  frequency.  The  assumption  of  random  spatial 
distribution  corresponds  to  a  flat  Fourier  spectrum  and  the  assumption  of  "order”  corresponds 
to  the  presence  of  peaks  in  the  Fourier  spectrum. 

It  is  interesting  to  note  that  although  strong  scattering  seems  no  longer  to  be  needed 
for  an  explanation  of  radio  aurora  there  is  independent  evidence  that  it  should  be  included. 
Rocket  measurements  of  auroral  electron  densities  have  revealed  rapid  spatial  fluctuations 
with  peak  values  apparently  in  excess  of  106  cm'3  (McNamara23). 

Once  it  is  decided  that  some  order  must  be  accepted  in  the  spatial  distribution  of 
electron  density  gradients  to  account  for  the  characteristics  of  radio  aurora  then  it  seems 
reasonable  to  look  for  some  type  of  wave  motion  in  the  auroral  ionization.  The  leading 
contender  is  clearly  the  two-stream  instability  mechanism  which  gives  rise  to  ion-acoustic 
waves  (Farley1).  This  mechanism  has  been  very  successful  in  explaining  the  observed 
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characteristics  of  VHP  scattering  from  the  equatorial  ionosphere.  The  suggestion  as  applied 
to  the  aurora  is  that  ion-acoustic  waves  are  generated  whenever  the  auroral  electrojet 
current  exceeds  a  threshold  value.  When  this  threshold  is  passed,  energy  is  transferred 
from  the  streaming  electrons  to  the  plasma  waves  which  propagate  with  wavefronts  parallel 
to  the  magnetic  field  lines  and  with  the  propagation  vector  generally  parallel  to  the  elec¬ 
tron  velocity  vector.  As  the  electron  velocity  increases  above  the  threshold  value  two 
things  can  happen:  waves  can  be  propagated  at  larger  and  larger  angles  to  the  electron 
velocity  vector  (though  still  mostly  perpendicular  to  the  magnetic  field)  and  the  lower 
limit  of  the  generated  wavelengths  decreases. 

There  is  a  striking  correspondence  between  the  expected  characteristics  of  the  ion- 
acoustic  waves  and  the  observed  characteristics  summarized  earlier.  Indeed  it  may  be  re¬ 
called  that  the  auroral  electrojet  is  thought  to  flow  at  a  fairly  well-defined  height  near  the 
lower  border  of  visual  forms  and  although  it  may  flow  in  almost  any  direction  (in  response 
to  the  orientation  of  the  auroral  forms),  it  tends  to  flow  generally  in  the  east-west  direc¬ 
tion.  These  characteristics  too  are  consistent  with  the  observations. 

4.  FURTHER  EXPERIMENTAL  EVIDENCE 

In  view  of  the  weight  of  evidence  which  appears  to  be  consistent  with  the  existence  of 
ion-acoustic  waves  it  is  worthwhile  to  look  specifically  for  those  characteristics  which 
should  be  unique  to  ion-acoustic  waves.  Here,  the  evidence  is  not  as  conclusive  as  might 
be  hoped. 

The  most  direct  evidence  of  ion-acoustic  waves  should  be  found  in  close  study  of  the 

frequency  spectrum  and  spatial  correlation  of  the  scattered  signals.  For  example,  although 

echoes  might  be  expected  more  often  when  the  line-of-sight  to  the  aurora  makes  a  small  angle 
with  the  direction  of  the  electrojet,  there  should  be  no  variation  of  the  magnitude  of  the 
Doppler  shift  with  direction  of  viewing.  It  should  always  correspond  to  the  phase  velocity 
of  the  ion-acoustic  waves.  Correlation  studies  with  spaced  antennas  should  reveal  drift 
velocities  which  are  consistent  with  group  velocities  of  the  ion-acoustic  waves. 

Leadabrand24  studied  the  variation  of  Doppler  shift  with  azimuth  and  concluded  that, 
although  the  Doppler  shift  was  too  high  and  too  dependent  on  azimuth  to  indicate  scattering 

from  ion-acoustic  waves  alone,  nevertheless  there  was  evidence  for  the  existence  of  ion- 

acoustic  waves. 

Two  other  experiments  have  been  concluded  recently.  Palmer25  studied  the  spatial  correla¬ 
tion  of  the  radio-auroral  reflections  and  found  two  basically  different  types  of  event. 

In  one  type  of  event  the  signals  showed  a  typical  fading  rate  of  15  Hz  and  an  east-to-west 
drift  of  the  amplitude  patterns  which  was  consistent  with  the  expected  group  velocity  of 
420  m  sec"  as  indeed  were  most  of  the  other  characteristics  of  this  type  of  event.  The 
second  type  of  event  exhibited  a  fading  spectrum  which  extended  beyond  100  Hz  and  drift 
velocities  in  the  range  of  0.5  to  10  km  sec*1.  The  characteristics  of  this  type  of  event 
seemed  to  be  quite  inconsistent  with  scattering  from  ion-acoustic  waves. 

Another,  as  yet  unpublished,  experiment  by  Hofstee  has  measured  the  frequency  spectrum 
simultaneously  with  two  radio  systems  looking  at  the  same  region  from  directions  which  differ 
by  17°.  For  both  systems  the  radio  waves  were  incident  nearly  perpendicularly  on  the 
magnetic  field  in  the  echoing  region.  The  rapid  and  apparently  independent  variation  of 
the  spectra  observed  with  these  systems  is  indicated  by  a  few  successive  spectra  in  Figure  4. 
Here  again  the  conclusion  is  that  on  some  occasions  the  spectra  are  entirely  consistent 
with  the  presence  of  ion-acoustic  waves  but  on  other  occasions  they  are  quite  inconsistent 
with  that  interpretation.  While  the  volumes  of  the  ionosphere  viewed  by  the  two  systems 
are  not  quite  identical  it  seems  very  difficult  to  explain  the  large  difference  seen  on 
the  two  systems  without  introducing  a  very  sharp  angular  dependence  for  the  scattering 
cross-section,  which  suggests  an  ordered  structure  existing  over  a  considerable  volume  of 
the  auroral  ionization. 
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5.  CONCLUSION 

While  various  models  of  radio  aurora  have  been  proposed  from  time  to  time  over  the  last 
20  years  the  important  features  of  them  all  can  be  included  in  only  three  mechanisms: 

(a)  Weak  scattering  from  randomly  distributed  gradients  in  electron  density. 

(b)  Strong  scattering  from  randomly  distributed  clouds  of  ionization. 

(c)  Weak  scattering  from  ordered  arrays  of  gradients  in  electron  density  produced  in 
turn  by  propagating  ion-acoustic  waves. 

With  regard  to  mechanism  (b)  the  radio  evidence  is  no  longer  considered  to  be  conclusive, 
though  rocket  evidence  suggests  that  it  probably  operates  for  the  lower  part  of  the  VHF 
radio  spectrum.  While  many  authors  have  tried  to  choose  between  mechanisms  (a)  and  (c), 
the  existing  evidence  points  to  the  operation  of  both  and  much  work  is  still  required  to 
delineate  the  respective  conditions  under  which  each  is  predominant. 
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frequency  MHz 


Relative  scattering  cross-sections  observed  by  Lyon  and  Forsyth  (Ref.  18)  at  four 
frequencies  simultaneously.  The  five  sets  of  results  were  taken  consecutively 
at  3.75  minute  intervals  and  are  displaced  vertically 
in  order  to  prevent  overlapping 
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SUMMARY 


This  report  is  concerned  with  a  particular  group  of  backscatter  traces 
recorded  in  swept  frequency  oblique  soundings  at  high  latitudes. 
Characteristic  echo  properties  are  displayed.  Results  of  attempts  to 
interpret  the  measured  returns  are  given.  The  explanation  offered  is  in 
terms  of  aspect  sensitive  scattering  from  irregularities  located  in 
spatially  limited  regions  of  enhanced  ionization  density  to  the  north  of 
the  sounding  site. 
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A  NOTE  ON  A  PARTICULAR  TYPE  OF  SCATTERING 
ECHOES  OBSERVED  AT  HIGH  LATITUDES 

Kristen  Folkestad 


1.  INTRODUCTION 

For  a  three-year  period  from  the  autumn  of  1963  the  Norwegian  Defence  Research  Establish¬ 
ment  operated  a  Granger  step  frequency  sounder  at  Anddya  (69°N,  16°E)  in  Northern  Norway. 
Backscatter  measurements  were  conducted  in  four  directions,  three  of  which  were  in  the 
range  10°  to  70°  west,  the  fourth  one  pointi.  r  southward  approximately  at  right  angles  to 
the  auroral  belt. 

On  the  southern  path  the  backscatter  observations  essentially  consist  of  one-  and  two- 
hop  ground -scatter  modes.  The  recordings  on  the  three  other  circuits,  which  all  traverse 
the  auroral  zone  at  various  angles  of  incidence,  contain  more  complex  echo -structures. 

This  is  particularly  true  for  the  path  orientated  in  the  most  northerly  direction.  For 
this  circuit  the  greater  part  of  the  backscatter  findings  cannot  be  explained  in  terms  of 
simple  ground -scatter  mechanisms. 

In  the  various  returns  observed  there  are  both  unique  forms  and  echo-formations  exhibit¬ 
ing  a  fairly  high  rate  of  recurrence.  In  the  following  treatment  a  special  category  of 
echoes  repeatedly  recorded  is  considered. 


2.  ECHO  CHARACTERISTICS 

A  typical  sample  of  the  echoes  concerned  is  displayed  in  Figure  1.  Except  from  the 
vertical  incidence  traces  visible  at  the  bottom  left-hand  comer,  three  distinct  echo- 
forms  may  be  distinguished:  the  ground-scatter  component  extending  in  frequency  up  to 
16  MHz  and  covering  the  virtual  range  5  -  600  to  1600  km,  another  sloping  echo  at  apparent 
distances  from  1500  to  about  2000  km  and  finally  an  essentially  constant  range  trace 
detected  at  frequencies  from  about  5  to  21  MHz. 

This  last-mentioned  component,  in  particular,  represents  a  frequently  recorded  echo. 

An  analysis  of  this  type  of  return  has  revealed  the  following  characteristics: 

(i)  Its  rate  of  occurrence  is  highest  in  the  winter  months  and  it  is  predominantly 
observed  on  the  polar  paths. 

(ii)  Its  upper  cut-off  frequency  is  usually  in  the  range  16  to  22MHz. 

(iii)  Variations  in  the  minimum  virtual  range  are  normally  less  than  2-300km. 

Figure  2  shows  the  diurnal  variation  ±n  the  occurrence  pattern  based  on  two  month’ s 
data  in  1964.  It  is  found  that  the  echo  essentially  occurs  at  day-time  hours.  It  is 
most  frequently  reported  from  0800  to  1400  UT.  It  may  appear  as  a  single  component  in  a 
backscatter  lonogram  or  simultaneous  with  other  scatter-forms  as  in  the  situation  depicted 
in  Figure  1. 
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3.  METHOD  OF  INTERPRETATION 

In  an  attempt  to  explain  the  propagational  mechanisms  responsible  for  the  returns  dis¬ 
played  In  Figure  1  some  model  computations  were  made.  A  digital  computer  was  employed  in 
the  calculations.  The  ray-tracing  procedure  was  based  on  the  use  of  Snell's  law  in  a 
spherically  stratified  ionosphere.  Figure  3  shows  the  model  used. 

A  bounded  lamina  of  increased  electron  density  was  introduced,  specified  by  the  angles 
and  a2  and  the  vertical  boundaries  hA  and  h2  .  The  variation  of  the  additional 
electron  density  in  the  vertical  direction  was  described  by  a  cosine-square  law.  For  the 
refractive  index  the  simple  form  n2  =  1  -  X  was  used. 

Although  neglected  in  the  expression  for  the  refractive  index,  the  magnetic  field  was 
taken  into  account.  The  field  was  computed  at  the  point  where  the  rays  enter  the  ionosphere 
and  the  projection  of  the  field  into  the  great-circle  plane  of  emission  was  determined. 
Whenever,  in  the  process  of  computation,  the  angle  between  the  wave-normal  and  the  field 
projection  deviated  hy  less  than  a  small  amount  8  from  90°,  the  apparent  path  was  printed 
out.  Using  the  projection  of  the  magnetic  field,  instead  of  the  real  field,  led  to  com¬ 
putational  simplifications  and  was  considered  to  be  a  fairly  good  approximation  at  the 
latitudes  and  bearings  considered.  The  electron  distributions  employed  in  the  ray  calcu¬ 
lations  are  shown  in  Figure  4.  In  this  figure  the  solid  line  represents  the  real  height/ 
density  profile  derived  from  the  vertical  ionogram  taken  at  Troms0  at  1200 UT. 

It  appeared  that,  in  using  this  distribution,  no  additional  electron  content  would  give 
apparent  echo-ranges  which  even  approximately  agreed  with  the  measured  traces.  A  single 
F-layer  model  represented  by  the  broken  line  in  Figure  4  was  therefore  adopted  for  the 
further  computations. 


4.  RESULTS 

Measured  and  computed  echo-forms  are  shown  in  Figure  5.  The  computations  refer  to  a 
bearing  of  10°  west  of  north  with  slab  parameters  specified  in  the  figure.  In  drawing 
the  computed  results  the  following  assumptions  were  made: 

(i)  Field-aligned  irregularities  occur  in  the  slab  of  enhanced  electron  density  and 
extend  upwards  to  the  peak  of  the  F-layer. 

(ii)  Detectable  scattering  is  obtained  from  the  irregularities  only  where  the  wave 
normals  deviate  by  less  than  2°  from  normal  incidence  on  the  field  lines. 

Comparing  computed  and  observed  returns  brings  out  the  following  features: 

(a)  The  discrepancy  between  the  computed  and  the  measured  ground-scatter  components 
indicates  that  the  applied  electron  distribution  only  approximately  represents 
the  regions  of  the  ionosphere  explored. 

(b)  The  experimental  trace  with  constant  minimum  range  fits  the  computed  direct 
scatter  returns  fairly  well. 

(c)  A  general  agreement  is  demonstrated  between  the  model  computations  and  the 
observed  echo -structure  above  the  constant  rBnge  trace  from  9  to  12  MHz.  This 
leads  to  the  conclusion  that  the  measured  component  actually  results  from 
scattering  taking  place  after  normal  1  hop  F-layer  propagation  (including 
ground-reflection) . 


5.  DISCUSSION 

It  may  be  noted  that  backscatter  forms  similar  to  those  reported  in  this  work  have 
been  observed  by  other  workers  concerned  with  soundings  at  high  latitudes1’2.  Bates3 
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has  published  the  results  of  an  analysis  of  echoes  of  this  category  recorded  in  Alaska. 

His  method  of  analysis  is  based  on  standard  transmission  curves  and  an  irregularity  model 
in  the  form  of  a  vertical  intense  ionization  sheet  located  several  hundred  kilometres  to 
the  north  of  the  sounding  site.  Bates  finds  that  composite  modes,  involving  both  F-layer 
reflection  and  scattering  from  field-aligned  irregularities  are  important  in  explaining 
some  of  his  observed  long-range  traces. 

A  serious  problem  encountered  in  computations  of  the  type  performed  here  is  a  lack  of 
adequate  expressions  for  the  scattering  cross-sections  determining  the  amounts  of  returned 
energy.  Of  the  many  modes  that  may  be  constructed  as  possibilities  for  potential  returns, 
it  is  obvious  empirically  that  Just  a  few  yield  signal  strengths  above  the  receiver 
threshold  level. 

Additional  problems  are  related  to  the  absorption  suffered  by  the  exploring  waves  in 
the  lower  ionosphere,  the  antenna  radiation  patterns  and  their  variation  with  frequency 
and  the  gradients  in  the  electron  density  in  the  sounding  direction. 

It  is  known  that  the  minimum  virtual  ranges  of  ground-scatter  echoes  are  determined  by 
the  mechanism  of  time -focusing.  The  role  played  by  time-focusing  in  measurements  involving 
scattering  from  irregularities  in  the  ionosphere  is  open  to  discussion. 

It  appears  that  with  the  assumptions  which  have  to  be  made  in  estimating  the  active 
modes  of  return,  the  results  arrived  at  will  necessarily  be  of  a  somewhat  qualitative 
nature. 

Conclusions  which  may  be  drawn  from  the  present  treatment,  consistent  with  the  findings 
of  Bates3,  are  summarized  thus: 

(a)  A  group  of  backscatter  signals  frequently  observed  in  soundings  below  20 -25  MHz 
at  high  latitudes  is  explainable  in  terms  of  aspect  sensitive  scattering  from 
field-aligned  irregularities  at  E-  and  F-layer  heights. 

(b)  The  scattering  centres  are  confined  to  spatially  restricted  regions  inside  the 
polar  cap. 

(c)  At  the  height  of  the  E-layer  the  irregularities  are  imbedded  in  an  Es  cloud 
whose  ionization  is  strong  enough  to  bring  about  the  refraction  needed  for  the 
backscatter  process. 
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SUMMARY 


Experimental  studies  of  the  characteristics  of  radio  wave  backscatter  and 
forward  scatter  from  magnetic  field-aligned  ionization  have  been  performed 
for  many  years. 

In  this  paper,  an  evaluation  is  made  of  theoretical  and  graphical  methods 
for  calculating  (i)  the  orientation  of  the  magnetic  field  for  backscatter 
reflections  and  (ii)  the  locus  of  points  on  the  earth's  surface  for  the 
reception  of  the  forward  scatter  mode. 

Ihe  theoretical  methods  which  are  considered  involve  the  assumption 
that  the  earth’s  magnetic  field  can  be  approximated  by  (i)  the  field  of  a 
magnetic  dipole  located  at  the  earth’s  center  and  (ii)  the  combination  of 
a  dipole  field  and  an  irregular  field,  i.e. ,  a  series  of  spherical  harmonics. 
The  graphical  technique  utilizes  ground -observed  magnetic  data  scaled  from 
lsomagnetic  maps. 

Computations  for  both  the  backscatter  and  forward  scatter  modes  of 
propagation  are  presented  for  two  locations  in  the  Northern  Hemisphere. 
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FIELD- ALIGNED  IONIZATION  SCATTER  GEOMETRY 

George  rt. Millman 


1.  INTRODUCTION 

Radio  waves  incident  on  magnetic  field-aligned  ionization,  such  as  prevalent  in  the 
auroral  region,  are  scattered  back  in  the  direction  of  the  radiating  source  when  the 
direction  of  propagation  is  approximately  perpendicular  to  the  lines  of  force  of  the 
earth’s  magnetic  field  (Leadabrand  et  al.!). 

In  addition  to  the  perpendicularity  requirement  for  radar-auroral  reflections,  it  is 
necessary  that  this  geometric  configuration  take  place  in  regions  of  high  auroral  activity 
and  at  ionospheric  altitudes  of  80km  and  above. 

Anomalous  radar  echoes  which  possessed  many  of  the  characteristics  of  echoes  from  the 
aurora  and  which  appeared  to  originate  in  regions  of  spaca  where  the  perpendicular  restric¬ 
tion  is  satisfied  have  been  detected  at  low  latitudes  at  frequencies  of  32  and  140 MHz 
(Ryce  et  al.2)  and  50MHz  (Bowles  et  al.3). 

When  the  direction  of  propagation  makes  an  augle  of  other  than  90°  with  the  magnetic 
lines  of  force,  the  incident  radiation  undergoes  forward  scattering. 

Experimental  evidence  of  an  ionospheric  forward  scatter  mode  of  propagation  associated 
with  the  earth’s  magnetic  field  has  been  reported  by  Heritage  et  al. 4,  the  observations 
being  conducted  at  a  frequency  of  200  MHz. 

In  this  paper,  an  evaluation  is  made  of  various  computational  techniques  for  determining 
(i)  the  magnetic  field  geometry  for  backscatter  reflections  and  (ii)  the  locations  on  the 
earth' s  surface  for  the  reception  of  magnetic  field  forward  scatter. 

A  graphical  technique  is  discussed  which  utilizes  ground-observed  magnetic  data  scaled 
from  isomagnetic  maps.  The  theoretical  methods  which  are  also  considered  are  (i)  the 
dipole  method,  which  is  based  on  the  supposition  that  the  earth’s  magnetic  field  can  be 
approximated  by  the  field  of  a  magnetic  dipole  located  at  the  earth’s  center  and  (ii)  the 
spherical  harmonic  method,  which  assumes  that  the  earth’ s  main  field  can  be  represented 
by  a  regular  or  simple  dipole  field  and  an  irregular  field. 

This  paper  is,  in  essence,  a  modification  and  extension  of  the  material  appearing  in  an 
earlier  publication  (Millman5)  on  the  orientation  of  the  earth's  magnetic  field. 


2.  THEORETICAL  CONSIDERATIONS 
2. 1  Backscatter  Propagation 

In  the  study  of  radar-auroral  reflections,  it  is  often  desirable  to  determine  the  orien¬ 
tation  of  the  lines  of  force  of  the  earth’  s  magnetic  field  for  any  geographic  location, 
antenna  azimuth  bearing,  elevation  angle,  and  reflection  height  above  the  earth’s  surface. 

It  can  be  shown  that  the  propagation  angle  6  ,  i.e.,  the  angle  between  the  direction 
of  the  magnetic  lines  of  force  and  the  direction  of  electromagnetic  propagation,  can  be 
expressed  by  the  relationship5 
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6  -  cos"1  [-cose  sin  I  -  sin  e  cos  I  cos  (7  -  D)  ,  (1) 

where  I  and  D  are  the  magnetic  inclination  and  declination  angles,  respectively.  These 
parameters  specify  the  direction  of  the  total  magnetic  intensity  vector  in  space. 

The  angle  7  which  is  the  geographic  azimuth  bearing  of  the  observer’ s  location  measured 
with  respect  to  the  sub-ionospheric  point,  i.e.,  the  location  on  the  earth’s  surface  directly 
beneath  the  particular  point  in  space,  is  defined  by  Millman6  as 

sin  (\R  -  \p)  cos 

y  —  tan  1  _ _ _ L _ ft  (2) 

sin  ^  cos  <^-  cos  <£Rsin  </>pcos  (A.R  -  Kp) 

where  <f>  and  A.  are  the  geographic  latitude  and  east  longitude,  respectively.  The  sub¬ 
scripts,  R  and  P  ,  refer  to  the  transmission  (or  radar)  site  and  the  reflection  point, 
respectively. 


The  angle  e  ,  which  is  the  angle  between  the  ray  path  and  the  zenith  at  the  point  of 
reflection,  is  given  by 


e 


sin"1 


rfl  +  h 


cos  E 


(3) 


where  rQ  is  the  radius  of  the  earth,  E  is  the  elevation  angle  of  the  antenna  beam  and 
h  is  the  height  above  the  earth's  surface. 


The  graphical  technique  employed  in  evaluating  6  in  this  study  is  as  follows:  The 
parameters  I  and  D  have  been  scaled  in  2.5°  and  5.0°  latitude  and  longitude  steps  over 
the  whole  earth’s  surface  from  the  epoch  1955  isogonic  and  isocllnic  maps  issued  by  the 
US  Navy  Hydrographic  Office  and  the  Canadian  Department  of  Mines  and  Technical  Surveys. 

The  ground-observed  magnetic  data  obtained  from  these  maps  are  stored  in  matrix  form  in 
an  IBM  7094  digital  computer.  Linear  interpolation  is  used  for  determining  the  values  of 
the  magnetic  field  elements  at  other  geographic  locations. 


For  propagation  through  the  ionosphere,  the  angles  I  and  D  at  the  sub- ionospheric 
point  are  assumed  to  be  invariant  at  all  heights. 


According  to  the  1955  magnetic  charts,  the  geographic  positions  of  the  north  and  south 
dip-poles,  which  are  dependent  upon  local  surface  anomalies  and  irregularities,  are 
approximately  73?5  N,  101. 1°W  and  67.6°S,  144.  0°E,  respectively. 

The  dipole  method  is  based  on  the  assumption  that  the  earth’s  magnetic  field  can  be 
approximated  by  a  magnetic  dipole  having  geomagnetic  poles  at  78.6°N,  70. 1°W  and  78.6°S, 
109. 9°E  (Vestine  et  al.7). 

For  this  case,  the  inclination,  or  magnetic  dip,  which  specifies  the  direction  of  the 
total  magnetic  intensity  vector  with  respect  to  the  horizon  and  is  measured  positive  in 
the  downward  direction,  is  given  by  Chapman8  as 

I  =  tan"1  [2  tan  ^pp]  ,  (4) 

where  ^  is  the  geomagnetic  latitude. 

A  simple  transformation  for  expressing  \pp  in  terms  of  geographic  coordinates  is  given 
by  Millman5, 

V'p  =  sin"1  [cos  (\H  - -Vp)  cos  cos  c/)p  +  sin  sin  0p]  ,  (5) 

where  the  subscript  M  refers  to  the  geomagnetic  pole. 


The  magnetic  declination  angle,  which  specifies  the  direction  of  the  geomagnetic  pole 
and  is  measured  positive  in  a  clockwise  direction  from  geographic  north,  can  be  defined 
by  the  function6 


D  =  tan 


-l 


sin  (AM  -  \p)  cos  0M 


cos  <£p  sin  </>„  -  cos  -  \p)  sin  0P  cos 


(6) 


It  is  of  interest  to  note  that,  for  the  dipole  model  approximation,  the  inclination 
and  declination  are  invariant  with  altitude. 

Due  to  local  magnetic  anomalies  on  the  earth’ s  surface,  there  are  large  discrepancies 
and  widespread  departures  from  a  simple  dipole  field.  To  take  this  into  account,  the 
earth’s  main  field,  i.e. ,  the  magnetic  field  which  excludes  such  phenomena  as  magnetic 
disturbances  and  diurnal  variations,  can  be  represented  by  a  regular  or  dipole  field  and 
an  irregular  field.  A  magnetic  potential  function  for  the  main  field  over  the  earth’s 
surface  can  be  expressed  in  terms  of  a  series  of  spherical  harmonics  (Chapman  and  Bartels9) 
such  as 


r>  —  r\  m—  A 


gnB1  cos  (mA)  +  hnm  sin  (mA.)]  P®  (cos  0') 


(7) 


n=o  m=o 


where  r  it  the  distance  from  the  center  of  the  earth,  4>' 
p®(cos0')  are  the  associated  Legendre  functions  of  degree  n  and  order  m  and  gnm 
hnm  are  the  coefficients  of  the  spherical  harmonic  expansion. 


is  the  geographic  colatitude, 

and 


It  should  be  noted  that  the  first-degree  harmonic  terms  in  Equation  (7),  i.e.,  te:n\ 
with  n  =  1  and  m  =  0  ,  reduce  to  that  of  a  dipole  potential. 

In  practice,  the  magnetic  potential  is  not  a  measurable  quantity.  The  quantities  which 
are  measured  are  namely  X  ,  the  northward  horizontal  component,  Y  ,  the  eastward  hori¬ 
zontal  component,  and  Z  ,  the  downward  vertical  component  of  the  total  magnetic  intensity, 
which  are  defined  in  terms  of  the  magnetic  potential  by 


1  Bv 

rW' 


(8) 


Y  =  - 


1 


Bv 


rsinc£'  BA. 


(9) 


Z  =  — 


Bv 

Br 


(10) 


By  definition,  the  magnetic  inclination  and  declination  angles  are  related  to  components 
of  the  total  magnetic  intensity  by 


tan 


- 1 


(Xz  +  Y2)* 


(11) 


D  =  tan 


-l 


(12) 


It  should  be  evident  from  Equations  (7)  through  (12)  that,  for  the  spherical  harmonic- 
magnetic  field  model,  the  parameters  I  and  D  are  altitude  dependent. 

In  this  analysis,  the  set  of  48  spherical  harmonic  coefficients  derived  by  Jensen  and 
Cain10  for  epoch  1960  was  used  to  specify  the  magnetic  potential  function  defined  by 
Equation  (7).  This  function,  in  turn,  was  employed  in  the  evaluation  of  I  and  D 
(Equations  (11)  and  (12)). 
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2.2  Forward  Scatter  Propagation 

When  the  direction  of  propagation  is  not  orthogonal  to  the  field-aligned  ionization, 
the  radiation  undergoes  forward  scattering.  The  location  on  the  surface  of  the  earth  to 
which  the  scattered  radiation  is  directed  can  be  readily  determined  for  both  the  graphical 
and  theoretical  methods. 

In  order  to  facilitate  the  analysis,  it  is  assumed  that  the  radiation  is  oriented  in 
the  directions  which  satisfy  the  condition  of  specular  reflection,  i.e.,  the  angle  of 
incidence  to  the  ionization  column  is  equal  to  the  angle  of  reflection.  This  assumption 
was  also  the  basis  of  the  mathematical  development  of  the  forward  scatter  problem  proposed 
by  Leadabrand  and  Yabroff11.  As  shown  in  Figure  1,  this  condition  requires  that 

cos  8  -  -  cos  &r  ,  (13) 

where  (tt  -  &r)  is  the  propagation  angle  formed  by  the  reflected  ray  and  the  magnetic  field 
line  of  force. 


It  follows  from  Equation  (1)  that  the  geographic  azimuth  angle  of  the  receiver  location, 
as  measured  at  the  point  of  reflection  projected  on  the  earth’s  surface,  yr  ,  can  be 
expressed  by  the  function 


yr  =  cos 


-l 


•  cos  6  -  cos  er  sin  I 
sin  er  cos  I 


+  D  , 


(14) 


where  the  subscript,  r  ,  refers  to  the  reflected  ray.  It  should 
given  magnetic  field-transmission  path,  the  unknown  parameters  in 
yr  and  er  . 


be  evident  that,  for  a 
this  relationship  are 


Referring  to  Figure  2,  it  can  be  shown  from  the  law  of  cosines  that  the  geographic 
latitude  of  the  receiver  location  is  given  by 


4>r  =  sin'1  [sin  <£p  cos /5r  +  cos  0p  sin  cos  yT] 
while,  from  the  law  of  sines,  the  geographic  longitude  becomes 

sin  /3rsinyr 


=  \p  +  sin 


-  i 


COS  0r 


(15) 


(16) 


The  angle  /3  is  the  angle  at  the  center  of  the  earth  between  the  radial  lines  to  the 
receiver  location  and  to  the  reflection  point  projected  on  the  earth’s  surface.  According 
to  Figure  1.  /3  can  be  defined  in  terms  of  the  angle  er  by  the  relationship 


-  sin 


-l 


r«  +  h 


—  sin  e„ 


(17) 


by 


It  follows  from  Equation  (14)  that  the  minimum  value  which  er  can  attain  is  expressed 


(er>m 


in 


7 T 

-  -  (6  +1) 
2 


(18) 


for  the  condition  in  which  yr  =  D  .  This  implies  that  minimum  er  occurs  when  the 
scattered  radiation  is  in  the  direction  of  the  magnetic  field  at  the  point  of  reflection 
in  the  ionization  column.  For  the  theoretical  dipole  method,  this  direction  coincides 
with  the  geomagnetic  longitude  as  measured  at  the  reflection  point. 
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According  to  Figure  1,  the  maximum  value  of  er  is  given  by 


(er>, 


max 


=  sin 


- 1 


r0  +  h 


(19) 


This  relationship  applies  for  the  condition  of  tangency  of  the  scattered  ray  at  the  earth’s 
surface. 


According  to  Figure  1,  the  elevation  angle  of  the  reflected  ray  at  the  receiver  location 
Er  ,  is  simply 


Er  =  cos" 


r„  +  h 


sin  e. 


(20) 


The  azimuth  bearing  of  the  reflection  point,  Ar  ,  as  measured  at  the  receiver  site,  is 
obtained  from  the  spherical  triangle  in  Figure  2  containing  the  geographic  north  pole,  and 
is  given  by 


A 


r 


-  sin'1 


cos  t^,sm7r 
cos  s£r 


(21) 


A  procedure  for  computing  the  location  of  the  scattered  points  on  the  earth’s  surface 
is  to  assume  different  values  of  ef  between  (er)min  and  (er)max  •  The  angles  fir  , 
calculated  from  Equation  (17)  and  yf  from  Equation  (14),  of  which  there  are  two  solu¬ 
tions,  are  then  utilized  in  Equations  (15)  and  (16)  to  obtain  the  geographical  coordinates 
of  the  intersection  points. 


It  should  be  noted  that  the  solution  to  the  forward  scatter  propagation  problem  requires 
that,  as  in  the  backscatter  case,  the  following  parameters  be  known:  (i)  the  geographic 
coordinates  of  the  transmitter  site,  (ii)  the  azimuth  and  elevation  angles  of  the  trans¬ 
mitted  radiation,  and  (iii)  the  height  at  which  reflection  with  the  field-aligned  ioniza¬ 
tion  takes  place. 

It  should  be  evident  that  there  exists  more  than  one  solution,  i.e. ,  receiver  locations, 
which  would  satisfy  the  condition  of  specular  reflection,  defined  by  Equation  (13).  It 
can  be  shown  that  instead  of  one  reflected  beam  there  is  actually  a  cone  of  reflection, 
the  apex  of  which  is  at  the  point  of  reflection  and  the  axis  of  which  is  parallel  to  the 
direction  of  the  magnetic  field  at  the  reflection  point.  Thus,  for  a  given  antenna  beam 
orientation  in  space,  the  intersection  of  the  cone  of  reflection  with  the  earth’ s  surface 
determines  the  loci  of  points  on  the  earth  to  which  the  ray  will  be  reflected.  It  is 
found  that  the  loci  of  the  intersection  of  the  reflected  beam  and  the  earth’ s  surface  is 
a  smooth  curve  which  is  symmetrical  about  the  direction  of  the  magnetic  field  as  specified 
at  the  reflection  point. 


3.  COMPARISON  OF  METHODS 

The  calculations  of  the  backscatter  and  forward  scatter  magnetic  field  geometry  pre¬ 
sented  in  this  study  were  performed  for  two  locations  in  the  northern  hemisphere:  Seattle, 
Washington  (47.5°N,  122. 0°W)  and  Boston,  Massachusetts  (42.  3°N,  71.0°W). 

Figure  3  is  a  plot  of  the  propagation  angle  at  100  km  altitude  as  viewed  from  Seattle. 

It  is  seen  that  the  graphical  and  spherical  harmonic  methods  give  results  which  are,  for 
the  most  part,  identical.  Minimum  propagation  angle  for  the  two  methods  is  attained  at 
a  geographic  bearing  angle  which  coincides  approximately  with  the  direction  of  the  magnetic 
declination  of  22.5°E  (A  =  +22.5°).  Hie  propagation  angle  for  the  dipole  method,  on  the 
other  hand,  is  a  minimum  in  the  direction  of  geomagnetic  north  (A  =  +15.2°). 
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According  to  Figure  4,  for  observations  at  Seattle  in  the  direction  of  geographic  north 
(A  =  0°)  and  at  an  altitude  of  80  km,  the  propagation  angle  is  a  minimum  at  an  elevation 
angle  of  about  4°  for  the  dipole  method  and  about  5°  for  the  graphical  and  spherical 
harmonic  methods.  As  the  altitude  is  increased,  the  elevation  angle  at  which  minimum 
propagation  angle  occurs  increases  slightly.  For  a  fixed  elevation  angle,  the  propagation 
angle  increases  markedly  with  altitude.  Hie  dipole  computations  in  the  direction  A  =  0 
are  always  less  than  the  corresponding  results  obtained  with  the  graphical  and  spherical 
harmonic  methods.  However,  as  shown  in  Figure  3,  the  reverse  could  take  place  at  bearing 
angles  oriented  in  an  easterly  direction. 

Figure  5  is  a  range-azimuth  plot  of  the  contours  of  perpendicularity  with  the  magnetic 
field,  the  calculations  being  based  on  a  minimum  altitude  of  80kn;.  It  is  seen  that,  in 
the  northerly  direction  from  Seattle,  orthogonality  occurs  at  the  greatest  ranges  with 
the  dipole  method. 

A  sample  calculation  of  the  forward  scatter  propagation  mode  is  illustrated  in  Figure  6. 
It  is  assumed  that  the  transmissions  originated  at  Seattle  at  different  azimuth-elevation 
orientations  and  that  the  reflections  from  field-aligned  ionization  took  place  at  an 
altitude  of  100km.  It  is  evident  that  the  loci  of  points  on  the  earth’s  surface  to  which 
the  scattered  radiation  is  directed  form  a  smooth  symmetrical  curve,  the  ends  being  the 
tangency  points  of  the  scattered  ray  with  the  earth.  A  comparison  of  the  data  presented 
in  Figure  6  reveals  that,  in  general,  there  is  a  wide  discrepancy  in  the  results  obtained 
with  the  dipole  method. 

Hie  magnetic  field  calculations  as  viewed  from  Boston  are  presented  in  Figures  7  through 
10.  It  is  seen  that  minimum  propagation  angle  exists  in  the  direction  of  the  dipole 
(A  =  -14.7°)  and  the  magnetic  declination  of  15.0°W  (A  =  -15.0°)  for  both  the  graphical 
and  spherical  harmonic  methods.  With  regard  to  the  dipole  method,  the  minimum  angle  coin¬ 
cides  with  the  geomagnetic  north  direction  (A  =  0.3°),  the  results  being  similar  to  that 
exhibited  in  the  Seattle  data. 

According  to  Figures  7  and  8.  there  is  a  difference  of  about  0.5°  between  the  propagation 
angles  determined  for  Boston  by  the  graphical  and  spherical  harmonic  methods  as  compared  to 
a  difference  of  less  than  0.1°  for  the  Seattle  computations. 

Figure  9  discloses  that  the  contours  of  the  perpendicular  aspect  angle  determined  by  the 
dipole  method  encompass  a  greater  spatial  extent  than  those  calculated  by  the  other  two 
methods.  Similar  results  were  obtained  for  Seattle,  as  shown  in  Figure  5. 

An  interesting  feature  of  Figure  10,  not  readily  evident  in  the  Seattle  data  of  Figure  6, 
is  the  slight  oscillation  in  the  middle  of  the  loci  of  the  scattered  ooints  on  the  earth's 
surface  as  derived  by  the  dipole  method.  An  explanation  for  the  lack  of  the  presence  of 
this  characteristic  in  the  graphical  and  spherical  harmonic  data  is  not  available  at  this 
time. 


4.  CONCLUSIONS 

Hie  geometry  of  backscatter  and  forward  scatter  reflections  from  columnar  ionization 
aligned  along  the  earth’s  magnetic  lines  of  force  can  be  resolved  by  graphical  and  theoreti¬ 
cal,  i.e.  ,  dipole  and  spherical  harmonic,  methods. 

The  graphical  technique  employs  magnetic  data  observed  at  the  earth’ s  surface  and  yields 
results  which  are  comparable  to  those  obtained  with  the  spherical  harmonic  method.  The 
latter  is  based  on  the  assumption  that  the  earth’ s  magnetic  field  can  be  represented  by  a 
regular  or  dipole  field  and  an  irregular  field. 

Hie  graphical  method  is  slightly  in  error  because  of  the  fact  that  the  ground -observed 
magnetic  inclination  and  declination  data  are  assumed  to  be  invariant  with  altitude.  The 
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tedious  task  of  scaling  the  magnetic  data  from  the  isomagnetlc  maps  whenever  they  are 
revised,  and  the  excessive  storage-computer  requirement  of  the  matrix  type-scaled  data, 
mokes  the  graphical  approach  somewhat  less  desirable. 

The  accuracy  of  the  spherical  harmonic  technique  can  be  readily  improved  by  the  use  of 
recently  available  coefficients  such  as  derived  by  Hendricks  and  Cain12. 

The  dipole  method  is  not  the  optimum  one  to  be  employed  in  geometric  studies  involving 
the  orientation  of  the  earth’ s  magnetic  field  at  ionospheric  heights.  However,  at  great 
distances  from  the  earth’s  surface,  this  technique  should  suffice,  since  the  earth’s 
magnetic  field  theoretically  approaches  the  regular  centered-dipole  field. 
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DIRECTION 


Fig.  2  Spherical  geometric  relations 
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AZIMUTH  ANGLE  (DEGREES) 


Fig.  3  Propagation  angle  at  100  km  as  viewed  from  Seattle 


PROPAGATION  ANGLE-  (DEGREES) 


Fig.  4  Propagation  angle  as  viewed  from  Seattle  along  the  direction  of  geographic  north 
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Pig.  5  Contours  of  perpendicularity  with  the  magnetic  field  as  viewed  from  Seattle 


WEST  LONGITUDE  (DEGREES) 


Fig.  6  Loci  of  receiving  locations  for  transmissions  originating  at  Seattle  at  5°  elevation 
angle  and  specularly  reflected  from  field-aligned  ionization  at  100km 


ELEVATION  ANGLE  (DEGREES)  PROPAGATION  ANGLE  (DEGREES) 


Pig. 8  Propagation  angle  as  viewed  from  Boston  along  the  direction  of  geographic  north 
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Fig.  9  Contours  of  perpendicularity  with  the  magnetic  field  as  viewed  from  Boston 


Fig.  10  Loci  of  receiving  locations  for  transmissions  originating  at  Boston  at  5°  elevation 
angle  and  specularly  reflected  from  field-aligned  ionization  at  100  km 
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DISCUSSION  ON  THE  PAPERS  PRESENTED  IN  SESSI ON  V  ( AURORAL  SCATTER). 


Discussion  on  Paper  34,  "Auroral  scatter ",  by  P. A. Forsyth. 


Dr  G.  H.  Mi  liman :  What  is  the  scattering  cross-section  dependency  with  aspect  angle  and 
frequency?  How  do  your  results  compare  with  the  measurements  by  the  Stanford  Research 
Institute? 

Professor  P.  A.  Forsyth:  As  indicated  in  the  paper,  McDiarmid  and  McNamara  found  an  aspect 
sensitivity  radiation  of  about  1  dB  per  degree  of  aspect  angle  at  a  frequency  of  50  MHz. 
Regarding  the  frequency  dependence  at  cross-sections  I  would  refer  you  to  the  summary  pro¬ 
vided  by  Morrcroft  (1966).  As  he  points  out,  the  variability  of  the  dependence  means  that 
averages  may  not  be  too  meaningful,  but  he  does  show  typical  results.  (For  complete 
references,  see  my  paper. ) 

Dr  F.Ramasastry:  Are  you  aware  of  any  recent  auroral  electrojet  measurements?  If  so,  will 
you  please  comment  on  them  or  give  some  information? 

Professor  P.  A. Forsyth:  Although  I  am  aware  of  a  number  of  investigations  using  rockets  and 
ground-based  measurements  including  those  of  Anger  (University  of  Calgary)  I  am  not 
sufficiently  familiar  with  them  to  comment  on  the  validity  of  any  specific  measurement. 

Dr  L.C. Humphrey:  Are  the  reported  cross-sections  based  on  a  beam-filled  or  point-scatterer 
situation? 

Professor  P.  A.  Forsyth:  The  cross-sections  are  based  simply  on  the  radar  equation  in  the 
form  given  as  Equation  (1)  of  the  paper.  The  results  of  Palmer  suggest  that  there  are 
marked  rapid  changes  in  the  extent  to  which  the  beam  is  filled  by  auroral  scatterers  during 
a  typical  event. 

Dr  R. Cohen:  I  should  like  to  ask  Professor  Forsyth  the  following  questions: 

(a)  What  was  the  percentage  modulation  on  the  electron  concentration  as  measured  from 
rockets  by  McNamara?  What  was  the  variation  of  electron  temperature? 

(b)  Would  you  give  us  further  details  on  the  second  kind  of  events  observed  by  Palmer 
on  the  oblique- scatter  circuit. 

I  should  also  like  to  comment  that  your  auroral-zone  measurements  are  quite  consistent  with 
the  picture  now  evolving  of  the  physics  of  the  irregularities  in  the  equatorial  electrojet. 
We  pointed  out  some  time  ago  (Journal  of  Geophysical  Research,  Vol.65,  1960,  p.  1853)  that 
we  would  expect  the  irregularity  phenomena  in  the  auroral  case  to  resemble  those  in  the 
equatorial  electrojet.  The  spectral  characteristics  of  your  stronger  signals  correspond 
to  those  we  would  associate  at  the  equator  with  the  strong  irregularities  resulting  from 
the  two-stream  plasma  instability,  and  the  spectra  of  the  coexistent  weaker  signals  have 
characteristics  similar  to  the  electrojet  echoes  obtained  simultaneously  from  weaker 
irregularities.  The  latter  are  ascribed  by  Dr.  Balsley  as  due  to  “plasma  turbulence”, 
since  they  seem  to  arise  from  shears  of  electron  velocity.  These  irregularities  apparently 
move  at  the  electron  drift  velocity;  hence,  echoes  from  them  are  good  indicators  of  that 
velocity. 

Professor  P.  A.  Forsyth:  I  believe  that  the  fluctuations  reported  by  the  rocket  experiment 
amount  to  a  few  percent,  say  10%,  of  the  background.  I  have  no  information  on  the  electron 
temperature  at  this  time,  but  McNamara  may  know  more  about  this.  To  answer  your  second 
question,  the  type  of  event  referred  to  is  one  with  high  fading  rate  and  high  apparent 
drift  velocities.  These  are  the  predominant  characteristics,  but  Palmer  and  Moorcroft  in¬ 
tend  to  publish  this  work  shortly.  In  the  meantime,  Palmer's  original  thesis  is  available 
as  Report  HA-9  from  the  Centre  for  Radio  Science,  University  of  Western  Ontario.  Your  last 
comment  is  almost  certainly  correct  for  the  strong  echoes  with  a  single  narrow  displaced 
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spectral  component.  For  the  others,  unfortunately,  the  measured  characteristics  are  not 
a  unique  test  of  the  mechanism. 


Discussion  on  Paper  35,  "A  note  on  a  particular  type  of  scattering  echoes  observed  at  high 
latitudes”,  by  K. Folkestad. 

Dr  C. H. Ml liman:  Mr  Folkestad,  since  the  maximum  occurrence  of  echoes  appeared  in  the  day¬ 
time,  is  there  any  evidence  that  the  auroral  echoes  were  actually  due  to  sporadic-E? 

Mr  K.  Folkestad:  The  slab  of  enhanced  ionization  introduced  into  our  model  may  be  considered 
as  constituting  an  Es  structure. 


Discussio ■'  on  Paper  36,  "Field  aligned  ionization  scatter  geometry",  by  G.H.Millman. 

Dr  N.C.  Gerson:  Dr  Millman,  what  model  was  employed  for  your  spherical  harmonics  calcula¬ 
tions?  Whose  coefficients  were  employed?  The  Jensen  and  Cain  coefficients  are  deficient 
at  high  geomagnetic  latitude  because  of  the  paucity  of  stations  on  which  the  coefficients 
are  based. 

Dr  G.H.Millman-.  The  48  coefficients  derived  by  Jensen  and  Cain  were  used  in  the  spherical 
harmonic  calculations.  A  study  is  now  being  conducted  for  the  evaluation  of  the  backscatter 
and  forward  scatter  geometry,  using  spherical  harmonic  coefficients  derived  by  the  many 
workers  in  the  field. 


REVIEW  OP  VHF  FORWARD  SCATTER 


by 


Richard  C.  Kirby 


Institute  for  Telecommunication  Sciences 
ESSA  Research  Laboratories 
Environmental  Science  Services  Administration 
Boulder,  Colorado,  USA 


SUMMARY 


This  review  of  "VHF  Forward  Scatter”  presents  mainly  a  description  of 
the  continuous  propagation  observed  at  oblique  incidence  throughout  the 
world,  in  the  frequency  range  25  to  110  MHz,  scattered  from  irregularities 
in  electron  density  in  the  70-90  km  height  range,  and  from  meteoric 
ionization.  Observations  have  been  largely  made  over  1000  to  2000  km  path 
lengths  in  the  Northern  and  Southern  hemispheres  and  near  the  equator, 
using  pulsed  and  continuous  wave  transmissions.  Some  attention  is  drawn 
to  extra  modes  of  propagation,  primarily  from  the  E-region  at  low  latitudes 
and  aurora  at  high  latitudes.  Absorption  effects,  particularly  in 
connection  with  Polar  Cap  absorption  events,  are  mentioned. 
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REVIEW  OF  VHF  FORWARD  SCATTER 

Richard  '  drby 


1.  INTRODUCTION 

VHF  forward  scatter  was  used  for  reliable  communication  for  more  than  a  decade,  for 
major  point-to-point  trunks  across  the  Atlantic,  across  the  Pacific,  and  between  NATO 
points  from  Northern  to  Southern  Europe.  The  transoceanic  trunks  are  now  supplanted  by 
satellite  and  cable  services,  and  the  NATO  circuits  have  been  discontinued  for  admini¬ 
strative  reasons.  Some  communication  ex*  ments  continue,  including  the  use  for  civil 
circuits,  which  emphasize  low  power  systc-  with  simple  antennas  for  teleprinter 
communication. 


2.  SURVEY  OF  PROPAGATION  CHARACTERISTICS 

Serious  experiments  in  this  field  were  first  inspired  (Bailey  et  al.1)  by  application 
of  the  Booker-Gordon2  theory  of  tropospheric  scattering  to  a  model  of  the  E-region  con¬ 
ceived  of  as  having  irregularities  as  suggested  by  the  work  of  Eckersley3  in  1932. 

Observations  in  mid-USA  at  50  MHz  (Bailey  et  al.")  using  30  kW  of  power  and  6°-beam 
antennas,  established  the  continuous  observability  of  scattering  from  weakly  defined 
strata  in  the  70-  to  90-km  height  range  rather  than  the  E-region,  and  also  revealed  the 
important  additional  component  of  a  virtual  continuum  of  overlapping  echoes  from  meteor 
reflections.  Meteoric  ionization  was  concluded  responsible  for  much,  if  not  most,  of  the 
night-time  signal.  The  root-mean-square  scattering  loss  was  typically  80  to  110  dB 
relative  to  perfect  reflection  from  the  ionosphere.  Studies  begun  almost  at  the  same 
time  at  high  latitudes  in  Canada  and  Alaska  showed  even  stronger  continuous  scattering 
and  additional  auroral  echoes. 

At  a  given  hour  of  the  day,  typical  standard  deviations  of  the  hourly  mean  scatter 
loss  througn  a  month  were  3  to  6  dB.  A  diurnal  minimum  in  early  evening  was  characteristic 
year  round.  At  mid- latitudes  a  broad  daytime  maximum  was  seen  in  summer,  and  a  pronounced 
midday  maximum  in  winter  -  these  comprise  the  semi-annual  daytime  maxima  to  which  Gregory* 
draws  attention  in  his  review.  At  high  latitudes,  a  summer  maximum  was  observed.  In 
mid-USA,  continuous  recording  for  a  number  of  years  suggested  a  small  solar  cycle 
dependence,  e  change  of  the  order  of  3  dB  being  observed  in  the  daytime  values.  The 
maximum  was  phased  better  with  geomagnetic  K  than  with  sunspot  number. 


3.  STRUCTURE  OF  RECEIVED  SIGNAL, 

Some  comments  are  now  made  on  the  time  structure  and  spectrum  of  the  received  signal, 
from  fading  observations  and  pulse  reception.  Fading  characteristics  of  the  signals  for 
all  paths  were  comparable,  except  for  occurrence  of  special  events  such  as  auroral  and 
other  extra  modes.  Rayleigh  distributed  fading  is  observed,  with  a  fading  rate  at  50  MHz 
of  0.5  to  2  Hz,  with  recognizable  bursts  of  meteor  reflections  superimposed  every  few 
seconds  on  the  continuously  fluctuating  background.  At  mid-latitudes  at  night,  when 
meteor  reflections  appear  to  dominate,  a  characteristic  amplitude  distribution  is  observed 
corresponding  to  a  calculation  by  Wheelon6. 


One  Insight  into  the  structure  of  the  scattering  medium  is  given  by  the  range-time 
records  (Pig.l)  obtained  by  Carpenter  and  Ochs7.  Their  experiment  was  instrumented 
primarily  to  study  individual  meteor-trail  characteristics,  using  3-;usec  pulses  and  a 
60°-beam  antenna  over  a  1400-km  path  in  mid-USA.  Here  we  see  a  rather  diffuse  D-region 
echo,  with  weak  stratification,  and  subsequent  meteor  bursts.  It  is  well  to  remember 
the  broad  antenna  beams.  The  horizontal  angular  spectrum  could  easily  provide  the 
30-/usec  delay  observed  in  these  figures,  even  if  the  D-region  scattering  were  from  a  thin 
horizontal  stratum.  Carpenter  and  Ochs  put  the  height  range  at  65  to  85  km.  Earlier 
range-time  records  by  Pineo®  using  40 -^isec  pulses  and  narrow-beam  antennas,  identified 
the  height  of  the  leading  edge  at  75  to  85  km,  but  did  not  show  the  diffuse  echo  of 
Carpenter  and  Ochs.  The  early  pulse  measurements  of  Pineo  showed  a  stronger  stratum  at 
heights  often  lower  than  75  km  during  summer  and  winter  days,  but  85-km  echoes  occurred 
at  all  times.  Kirby's9  extreme  range  observation  from  Newfoundland  to  the  Azores  con¬ 
firmed  an  85-km  average  height,  and  also  demonstrated  the  absence  of  well  defined 
diurnal  and  seasonal  maxima  where  heights  below  85  km  were  cut  off  by  earth  curvature. 
Bowles10,  working  at  41  MHz  at  vertical  incidence,  received  echoes  from  several  strata  in 
the  55-85  km  height  range. 

Attention  is  now  drawn,  as  in  Gregory’s  review5,  to  the  partial  reflection  data  ob¬ 
tained  in  the  lower  HF  range.  Gregory11  compiled  height  data  at  2.3  MHz  over  a  number  of 
months,  showing  backscatter  from  several  strata  in  the  55-90  km  range  -  with  greater  echo 
strength  and  persistence  at  the  higher  heights.  The  echoes  at  lower  heights  showed 
diurnal  variation  sim^lii  tu  that  observed  by  Pineo. 

Gregory  has  drawn  attention  to  possible  significant  correlations  between  VHF  scatter 
observations  and  the  semi-annual  maximum  electron  density  below  85  km.  In  his  paper  on 
mesospheric  electron  densities,  Gregory12  points  out  that  the  VHF  scatter  signal  must 
respond  to  the  winter  increase  in  electron  density,  and  that  the  winter  daytime  VHF  scatter 
maximum  is  statistically  very  pronounced.  But  the  VHF  scatter  echo  is  also  highly  depen¬ 
dent  on  the  degree  of  irregularity.  Earlier  attempts  (Blair13)  to  correlate  day-by-day 
scatter  with  absorption,  as  indicated  by  attenuation  at  5  MHz,  showed  no  correlation. 
Belro8elu  noted  that  even  though,  at  Ottawa,  summer  electron  densities  below  90  km  were 
greater  than  during  winter,  the  winter  echo  amplitudes  were  greater,  and  more  low  lying 
echoes,  i.e.,  near  55  km,  were  scaled  -  he  concluded  greater  winter  irregularity  was 
responsible.  Gregory's  data  at  2.3  MHz  was  obtained  at  a  wavenumber  corresponding  to  the 
\/(4 7T)  scale  size  of  about  10  m,  while  Pineo’ s  scale  size  was  about  2.5  m,  and  Bowles10 
at  41  MHz  was  about  0.6  m. 


4.  WAVELENGTH  DEPENDENCE  AND  ANGULAR  SPECTRUM 

Wavelength  dependence  and  angular  spectrum  are  the  key  indicators  of  the  spectrum  of 
irregularities.  Under  the  usual  assumption  of  single  isotropic  scattering  at  an  average 
angle  8  ,  observations  of  frequency  dependence  or  angle  dependence  serve  to  evaluate  the 
spectrum  of  sizes  of  irregularities.  This  is  because  of  the  filtering  action  of  the 
scattering  process,  which  selects  or  emphasizes  the  sizes  of  irregularities  having 
wavenumbers  equal  to 

4  e 

K  =  \8inr  a) 

where  8  is  the  angle  through  which  the  wave  is  scattered. 

4.  1  Frequency  Dependence 

One  of  the  most  convincing  pieces  of  evidence  for  turbulence  has  come  out  of  the 
frequency-dependence  results.  Simultaneous  observations  were  made  (Blair  et  al.15)  using 
antennas  carefully  scaled  in  all  their  dimensions  proportional  to  wavelength,  so  as  to 
illuminate  an  identical  scattering  volume  at  five  frequencies  from  30  to  108  MHz. 
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The  measurements  gave  the  quite  unambiguous  result  that  the  received  power  almost  always 
obeyed  a  nearly  perfect  power  law  in  its  dependence  on  frequency,  i.e. 


where  Pr  and  Pt  represent  the  received  and  transmitted  powers  respectively,  f  is  frequency, 
and  m  the  exponent  of  the  power  law. 

Thus,  S(K)  =  ,  the  power  2  allowing  for  the  effect  of  change  of  antenna 

aperture  with  frequency. 

Values  of  m  averaged  8,  with  a  standard  deviation  of  about  ±1,  including  systematic 
diurnal  and  seasonal  variation.  The  strict  power  law  was  obeyed  even  for  short  samples  of 
data,  say  the  median  for  5  minutes.  The  only  departures  occurred  during  sudden  ionospheric 
disturbances  (SID)  when  absorption  affected  the  lowest  frequencies. 

Incidentally,  it  was  concluded  from  the  frequency-dependence  observations  that  normal 
absorption  occurs  above  the  scatter  region.  Had  the  wave  traversed  the  absorbing  region, 
the  30-MHz  signal  would  have  suffered  3  to  4  dB  normal  midday  attenuation,  causing  a 
marked  departure  from  the  strict  power  law  for  the  scattering.  But  the  power  law  remained 
in  effect  day  and  night  and,  indeed,  with  the  higher  values  of  m  being  observed  during  the 
day,  as  opposed  to  an  absorption  effect.  During  solar  flares,  absorption  became  evident 
at  the  lower  frequencies  and  the  power  law  was  ruined. 

It  is  most  plausible  that  the  diurnal  and  seasonal  variation  of  m  represents 
changing  relative  roles  of  meteors  and  irregularities  due  to  turbulence.  This  idea  is 
strengthened  by  a  simultaneous  set  of  observations  which  used  broad  beam  antennas,  ad 
mitting  a  much  larger  component  of  meteoric  reflections.  With  the  broad-beam  antenna 
system,  r  was  systematically  lower,  by  0.5  to  1,  than  the  values  obtained  for  the  narrow 
beam  system.  Incidentally,  much  greater  attenuation  during  SID’s  was  observed  using  the 
b:oad-beam  antennas. 

The  exponents  were  somewhat  higher  than  given  by  theories  for  the  turbulence  inertial 
range,  but  were  much  smaller  than  for  the  dissipation  range. 

4. 2  Angular  Spectrum 

Angular  spectrum,  as  has  been  indicated  by  relation  (1),  is  also  closely  related  to 
the  frequency  dependence  and  spectrum  of  scale  sizes. 

Hagfors16  has  measured  directly  the  complex  spatial  correlation  coefficient  for  the 
downcoming  scattered  signal,  using  a  method  whereby  it  was  possible,  in  principle,  to 
separate  the  two  main  signal  components  of  the  VHF  forward  scatter  signal.  Prom  the 
Fourier  transform  of  the  correlation  coefficient  he  obtained  the  angular  power  spectrum, 
from  which  he  deduced  a  value  of  9  for  the  exponent  of  the  wavenumber  K.  It  was 
concluded  that  the  spectrum  of  electronic  irregularities  in  the  wavenumber  region  near 
1/3  m'1  is  given  by 

1 

S(K)  =  —  • 

K9 

Hagfors’ s  value  is  somewhat  higher  than  is  given  by  the  frequency-dependence  results, 
which  he  attributes  to  more  effective  separation  of  the  two  signal  components  by  his 
analysis.  He  concludes  also  that  for  the  rather  high  latitude  path  from  Kjeller-Troms  d 
that  the  contribution  of  meteor  bursts  to  the  total  scattered  power  is  rather  small. 

Bowles10,  in  mid-USA,  observed  D-scatter  at  41  MHz  at  vertical  incidence  with 
intensity  corresponding  to  a  7th  power  law. 
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There  were  three  other  kinds  of  angular  spectrum  observations  made,  only  one  of  which 
was  quantitative.  Pineo17,  using  pulse  observations  at  spaced  stations  along  the  great 
circle,  deduced  a  6th  power  angular  dependence.  He  found,  in  another  series  of  observa¬ 
tions  in  mid-USA,  using  three  CW  transmissions  aimed  along  the  great  circle  and  7°  either 
side,  that  the  off-path  (meteoric)  contributions  were  dominant  for  about  two-thirds  of  the 
day. 


Observations  at  Boulder  (Cottony18),  using  a  pencil-beam  rapid-scanning  antenna, 
gave  pictures  such  as  Figure  2.  Here  an  electronic  scanning  antenna,  of  one-degree 
horizontal  beamwidth,  scans  the  scattering  volume  to  illustrate  angular  power  spectrum 
directly.  In  the  upper  frame,  we  see  the  situation  where  the  scattering  volume  is 
illuminated  by  a  6°-beam  transmitting  antenna.  The  receiver  scans  over  about  80°  of 
azimuth.  In  the  lower  frame  the  situation  of  broad-beam  illumination  by  the  transmitter 
is  shown.  These  films  integrate  several  minutes  of  reception  at  20  scans  per  second. 
While  the  records  were  unfortunately  not  suitable  for  quantitative  determination  of 
angular  spectrum,  they  did  illustrate  a  very  broad  angular  response  consistent  with  a 
much  smaller  exponent  than  9.  Of  course  these  observations  include  a  strong  meteoric 
component  -  one  sees  the  systematic  evening  shift  to  the  south  of  the  great  circle  for 
this  East-West  path.  It  would,  of  course,  be  useful  to  separate  by  pulse  modulation  the 
angular  spectra  for  the  various  height  ranges  and  signal  components. 


5.  GEOGRAPHICAL  DEPENDENCE 

So  far  we  have  discussed  mainly  mid-latitude  VHP  scatter,  based  on  data  obtained 
mostly  in  mid-USA  and  to  some  extent  in  the  Arctic.  Other  mid-latitude  and  low-latitude 
observations  were  made,  as  well  as  equatorial  and  Arctic  studies.  Fortunately  many  of 
these  used  nearly  identical  techniques,  so  that  some  direct  comparisons  are  possible. 

3.1  Mid-latitudes  and  Low  Latitudes 

Goerke19,  studying  paths  at  50  MHz  from  England  to  Spain  and  Libya  to  Italy,  found 
the  scatter  intensity  and  diurnal  and  seasonal  variation  in  good  agreement  with  simul¬ 
taneous  observations  on  mid-USA  paths.  While  Isted20  had  earlier  reported  much  weaker 
scatter,  and  meteoric-dependent  distributions,  Goerke  showed  the  discrepancy  was  related 
to  antenna  patterns  and  path  geometry.  The  Italy-Libya  path  at  geomagnetic  latitude  39°N, 
showed  4-5  dB  weaker  scattering  compared  to  mid-USA  -  a  trend  later  confirmed  by  low- 
latitude  Western  Pacific  observations  by  Bain21  (in  preparation).  Bain’s  studies  within 
10°  of  the  geomagnetic  equator  found,  along  with  weaker  D-region  scattering,  field-aligned 
ionization  at  E-region  height  giving  echo  strength  sensitive  to  the  intensity  of  the 
horizontal  field  component.  Propagation  via  the  field-aligned  ionization  usually  dominated, 
and  communication  capability  was  enhanced  by  use  of  appropriate  antenna  beams.  Bateman 
et  al.22  had  reported  such  scattering  earlier,  and  Bowles  et  al.23  described  it  in  some 
detail  from  his  near-equatorial  observations.  Bain2u  pointed  out  that  while  the  SWF’s  and 
magnetic  disturbances  caused  severe  attenuation  of  the  E-region  field-aligned  echoes,  the 
D-scatter  was  unaffected  during  such  times. 

5.2  Equatorial  Latitudes 

Near  the  equator,  a  most  comprehensive  picture  of  VHF  forward  scatter  is  given  by 
Cohen  ana  Bowles25.  During  the  I  GY  they  set  up  several  50-MHz  paths  near  and  across  the 
geomagnetic  equator,  instrumented  much  like  the  USA  paths,  to  study  scatter  from  the  D- 
and  E-regions;  one  long  path  was  instrumented  to  study  F-scatter.  They  identified  D-region 
scattering  comparable  to  that  observed  at  temperate  latitudes,  perhaps  somewhat  stronger 
except  right  on  the  equator.  But  very  strong  scatter  from  the  E-region  almost  always 
dominated.  During  the  day,  very  intense  scattering  was  continuously  observed  from  the 
equatorial  electrojet,  usually  30  dB  or  more  stronger  than  the  usual  D-scatter.  At  night, 
scatter  from  E  irregularities,  with  some  but  not  strict  aspect  sensitivity  was  observed. 
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They  characterized  the  weakest  VHF  scatter  signals  near  the  equator  as  comparable  to  the 
strongest  observed  at  temperate  latitudes,  and  drew  attention  to  their  utility  for 
communication.  P-scatter  was  observed  at  night  over  the  long  path,  though  some  20  to  30  dB 
weaker  than  the  E-scatter. 

Flock  and  Balsley26  recently  studied  the  D-scatter  with  the  high-power  50-MHz  vertical' 
incidence  radar.  The  scatter  height  was  measured  at  75  km,  with  a  stratum  present  most  of 
the  daylight  hours.  An  observation  of  fading  rate,  corresponding  to  that  observed  by 
Bowles10  at  41  MHz  at  vertical  incidence  in  Illinois,  showed  the  same  order  of  fading  rate 
as  observed  at  oblique  incidence.  Bowles’s  interpretation  was  that  the  principal 
component  of  turbulence  velocity  must  be  horizontal. 

5.3  Auroral  and  Polar  Latitudes 

Studies  at  high  latitudes,  including  auroral  or  polar  behavior,  have  been  from  the 
beginning  perhaps  the  most  interesting. 

It  was  early  realized  that  auroral  absorption  events  caused  no  observable  attenuation 
of  VHF  scatter  signals.  Rather,  generally  strong  scattering  at  50  MHz  correlated  with 
periods  of  high  attenuation  observed  at  HF.  This  was  observed  in  the  first  recordings 
(Bailey, et  al.4)  and  was  also  reported  by  NDRE  (Ref. 27)  in  Norway. 

However,  Polar  Cap  Absorption  (PCA)  events,  associated  with  solar  proton  influx, 
markedly  affect  high-latitude  scatter  propagation.  In  general  absorption  occurs  by  day 
and  enhancement  by  night.  Bailey28  has  used  the  VHF  behavior  during  PCA’ s,  simultaneous 
with  riometer  data,  to  provide  one  of  the  major  sources  of  data  on  solar  protons.  In¬ 
formation  is  obtained  on  the  influx  of  solar  protons  in  the  energy  range  500  MeV  down  to 
0. 1  MeV,  corresponding  to  the  calculated  cut-off  energies  for  geomagnetic  latitudes  for 
the  paths  studied.  This  study  has  also  shed  additional  light  on  the  scatter,  absorption, 
ionization  and  recombination  processes  at  levels  from  90  km  down  to  40  or  50  km  in  the 
Arctic. 

From  any  of  the  transmission  equations  for  scatter  (Wheelon29)  the  scatter  strength 
varies  as  the  ambient,  or  as  the  average  gradient,  of  electron  density,  independently  of 
fi  .uency.  Thus,  if  the  electron  density  is  increased,  as  during  a  PCA  event  -  or  at 
lower  latitudes  during  a  solar  flare  -  the  signal  intensity  should  increase.  If,  on  the 
other  hand,  much  of  the  abnormal  ionization  extends  to  heights  below  the  main  scattering 
level,  absorption  will  occur  -  proportional  to  electron  density  but  having  about  inverse 
square  frequency  dependence.  Thus,  for  SID’ s,  we  have  the  observation  of  enhancement  at 
the  higher  frequencies  with  corresponding  attenuation  at  the  lower  (Blair  et  al.15). 

When  PCA’ s  occur  during  daytime  the  low-lying  electron  density  may  be  great  and  the  effect 
of  absorption  dominates.  At  night,  when  electron  attachment  occurs,  the  effect  of  en¬ 
hanced  scatter  dominates.  By  using  two  frequencies  and  riometers  these  effects  have  been 
separated.  The  principal  advantage  of  using  the  VHF  scatter  is  its  immunity  to  the 
auroral  absorption  at  higher  heights,  which  can  affect  the  riometer.  Also  the  night-time 
enhancements  are  observed  with  high  sensitivity.  Bailey  has  estimated  daytime  scattering 
heights  at  70  to  75  km  and  night-time  heights  near  85  km,  but  direct  height  observations 
have  not  been  made  at  high  latitudes.  Bailey30  has  more  recently  interpreted  the  scatter 
results  to  determine  relativistic  electron  precipitation  during  events  not  explainable  as 
proton  events. 

Now  Forsyth31  has  classified  a  number  of  types  of  distinguishable  more  intense 
scatter  echoes  or  events.  He  used  broad-beam  antennas  and  low  power  (100  watts).  The 
system  was  sensitive  mainly  to  enhanced  scattering  events  rather  than  the  continuous 
signal.  Two  distinct  classes  of  echoes  from  field-aligned  irregularities  were  observable 
at  night,  associated  with  aurora.  The  first  is  highly  aspect-sensitive  and  rapidly 
fading.  The  second  is  less-aspect  sensitive,  so  that  it  is  seen  at  higher  latitudes  and 
more  frequently.  A  third  class  of  night-time  echoes,  called  A3,  seems  to  be  common  with 
an  identified  class  of  daytime  scattering  events.  Forsyth  attributes  these  echoes  to 


scattering  from  isotropic  inhomogeneities  of  scale  sizes  of  the  order  of  meters,  in  the 
70-  to  90-km  region,  which  contain  peak  electron  densities  of  the  order  of  10*  electron 


Collins  and  Maynard32,  comparing  simultaneous  riometer  and  forward-scatter  observa¬ 
tions  during  high-latitude  disturbances,  have  correlated  strong  scattering,  particularly 
the  A3  scattering,  with  absorption  events. 


6.  COMMUNICATIONS  APPLICATIONS 

It  remains  to  discuss  communications  applications  and  some  outstanding  research 
questions. 

The  continuity  and  character  of  the  scatter  signal  make  applications  for  reliable 
communication  quite  feasible. 

The  role  once  visualized  for  VHF  scatter,  i.e.,  to  provide  for  reliable  major  trunk 
circuits  as  typified  by  the  trans-Atlantic,  trans-Pacific,  and  NATO  European  Bystems,  has 
clearly  been  supplanted  by  cable  developments  and  satellite  services. 

However,  there  seems  a  clear  application  for  a  few  teleprinter  circuits  in  remote 
areas,  in  the  1000-km  to  2000-km  range,  where  cables  or  satellites  might  not  be  economical. 
Indeed  in  any  teleprinter  application  in  this  distance  range  where  HF  might  be  considered, 
VHF  might  be  substituted  with  rewards  in  reliability  and  economy. 

The  Joint  Technical  Advisory  Committee33  summarized  communication  characteristics. 

The  signal  strength  statistics  are  now  well  known  for  paths  representative  of  most  parts 
of  the  world.  At  SO  MHz,  for  example,  1-kW  power  and  small  antenna  systems  should  provide 
at  least  10  dB  signal-to-noise  ratio  for  a  100-Hz  band  during  99%  of  the  hours  in  a  year 
when  the  limiting  noise  is  galactic.  Frequency  dependence  of  signal-to-noise  ratio  is 
given  by  an  inverse  5th  power,  which  allows  for  noise  diminution  with  frequency.  For 
practical  purposes,  the  fading  may  be  regarded  as  Rayleigh  distributed,  with  a  fading 
rate  of  about  1  Hz  at  50  MHz.  Meteor  echoes  and  auroral  signals  produce  multipath  delays 
of  the  order  of  a  few  milliseconds  relative  to  the  first-arriving  component.  The  signal 
strengths  are  sufficient  to  provide  reliable  teleprinter  service.  The  signal  is  strong 
enough  for  telephony  usually  only  in  the  daytime,  except  at  the  equator. 

Only  two  really  unique  design  problems  are  involved.  The  first  concerns  Doppler- 
shifted  meteor  echoes.  The  rapidly  expanding  trail  can  produce  strong  echoes,  Doppler- 
shifted  up  to  several  kHz  at  50  MHz,  sufficient  to  cause  errors  in  FSK  systems  using 
discriminators.  To  avoid  this  problem,  operational  systems  use  dual  narrow-band  filters, 
separated  by  at  least  4  kHz.  Other  techniques  have  also  been  developed31*. 

The  second  problem  is  long-delayed  multipath  echoes,  from  ground  backscatter  propa¬ 
gated  by  the  F-region.  Delays  of  40  ms  and  greater  are  possible.  The  simplest  protection 
is  to  use  a  frequency  sufficiently  high  so  that  F-propagation  rarely,  if  ever,  occurs  - 
say  50  MHz.  Other  special  modulation  techniques  have  been  successful,  but  are  more 
complicated. 

The  SHAPE  Technical  Centre  work  (Bartholome35)  has  made  it  clear  that  1  kW  per  tele¬ 
printer  channel  is  more  than  sufficient,  with  present  technology,  for  highly  reliable 
24-hour  commercial  service.  Other  digital  coding  developments  of  the  past  decade  offer 
the  possibility  of  further  reductions  of  required  power.  One  should  consider  300  watts 
per  50-band  channel  a  reasonable  goal  with  presently  available  techniques.  Bartholom^’ s 
work  is  further  indication  of  the  promise  for  low-power  systems.  He  has  developed  two 
systems,  one  using  the  continuous  ionospheric  scatter  and  the  other  using  intermittent 
meteor  bursts  -  both  tested  over  a  1000-km  path  between  the  Netherlands  and  the  south  of 
France,  at  frequencies  near  40  MHz.  These  systems  use  ARQ,  a  synchronous  system  for  error 


detection  and  automatic  feedback  correction.  The  ARQ  is  linked  with  the  diversity 
selection  system.  The  system  uses  speeded-up  transmission  -  with  error  detection  and 
correction  operative  principally  during  the  signal  fades.  By  a  10%  speed-up  (90%  duty 
cycle)  the  system  maintains  its  regular  information  rate  while  recycling  during  the  10% 
of  the  time  at  the  lowest  part  of  the  amplitude  distribution  of  the  fades.  The  meteor 
system  operates  in  a  similar  way,  though  with  a  speed-up  factor  of  40,  and  duty  cycle  of 
2.5%.  Simple  Yagi  antenna  systems  are  used.  With  5  kW  power  for  4  teleprinter  channels, 
an  error  rate  of  less  than  1  per  3000  characters  is  maintained  for  99.9%  of  the  hours  in 
a  year.  This  application  deserves  some  attention. 

The  Japanese  have  reported  to  CCIR36  an  experimental  commercial  circuit  from  Japan 
to  Formosa,  using  38  to  48  MHz.  Ground  backscatter  has  been  encountered  at  the  lower 
frequency.  An  experimental  commercial  circuit  operated  for  a  time  between  the 
Netherlands  PTT  and  Italy. 


7.  RESEARCH 

Low-power  continuous  digital  communication  at  teleprinter  speeds  is  a  very  attractive 
application,  Justifying  further  development  for  regions  of  the  world  where  this  may  prove 
more  economical  than  alternatives  for  1000-  to  2000-km  links. 

On  the  other  hand,  promising  scientific  use  of  VHF  forward  scatter  lies  in  studies 
of  the  meteorology  of  the  D-region.  It  would  be  especially  valuable  to  extend  the  partial 
reflection  work  upward  in  frequency  to  embrace  the  scale  sizes  which  have  been  observed  at 
oblique  incidence  at  VHF.  Future  measurements  of  angular  dependence  and  wavelength 
dependence  should  carefully  resolve  the  components  at  various  heights,  and  should  permit 
separation  of  the  meteor  echoes  from  scattering  by  irregularities. 

Direct  height  measurements  are  needed.  In  high  latitudes,  especially,  direct  height 
observations  would  aid  interpretation  of  the  polar  cap  absorption  events. 
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(60°)  transmitting;  frequency  40  Mc/s,  East-West  1295  km  path 
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SUMMARY 


Calculations  are  made  of  t'.ie  energy  reflected  when  a  plane  electromagnetic 
wave  Is  Incident  normally  upon  a  plane  parallel  plasma  slab  having  random 
amplitude,  step- function  f luctuutlons  of  electron  density.  A  statistical 
averaging  method  and  the  first-order  Born  approximation  are  used  to  obtain 
an  expression  for  the  component  of  the  mean  reflection  coefficient  which  Is 
due  to  the  random  fluctuations.  This  expression  Is  evaluated  for  exponential 
and  uniform  distributions  of  the  step-function  lengths  in  the  case  of  an 
underdense,  collisionless  plasma  having  large  scale  fluctuations  of  electron 
density.  The  results  are  compared  with  those  obtained  using  the  first-order 
Born  approximation,  evaluated  by  means  of  the  power  spectrum  of  the  fluctua¬ 
tions,  and  with  the  exact  calculations  from  a  computer  model  of  the 
scattering  by  a  random  slab.  It  Is  shown  that,  for  these  cases  when  the 
correlation  length  is  large  (i.e. ,  few  correlation  lengths  In  a  slab)  the 
first  Born  approximation  using  the  power  spectrum  method  deviates  appreciably 
from  an  exact  calculation.  The  statistical  averaging  method,  or  equivalently 
the  use  of  the  correlation  function,  gives  improved  results  over  the  power 
spectrum  method 
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ELECTROMAGNETIC  SCATTERING  FROM  A  PLASMA  SLAB 
HAVING  LARGE  SCALE,  RANDOM  ELECTRON 
DENSITY  FLUCTUATIONS 


Adolf  R.Hochstlm  and  Charles  P. Martens 


1.  INTRODUCTION 

In  this  paper,  the  authors  consider  the  problem  of  determining  the  reflection  coefficient 
using  the  first-order  Born  approximation  when  a  plane  electromagnetic  wave  Is  normally 
Incident  upon  a  plane  parallel,  random  plasma  slab.  We  write  the  total  electron  density  as 

Ne(x)  =  <Ne>  +  N'(x)  , 

where  the  angular  brackets  Indicate  the  average  value  over  an  ensemble  of  slabs  and  N'  Is 
the  random  component  of  N#  .  We  can  also  write  Ne  in  terms  of  a  normalized  fluctuating 
component,  V (x)  ,  where 


so  that 

Ne(x)  =  <Ne  >  [l  +V(x)]  • 

It  will  always  be  assumed  In  this  paper  that  <Ne>  is  constant  throughout  the  slab  and 
that  there  are  no  collisions. 

If  ,i0  and  Er  are  respectively  the  amplitudes  of  the  waves  which  are  incident  upon, 
and  reflected  from,  the  plamsa  slab,  then  the  reflection  coefficient  is  defined  to  be 

R  =  ErE*/E0E*  . 

The  mean  reflection  coefficient,  averaged  over  an  ensemble  of  random  slabs,  can  be  written 
as 


<R>  =  R0  +  <R'>  , 

where  RQ  is  the  component  due  to  the  homogeneous  slab  and  <R')  is  due  to  the  random 
fluctuations  in  electron  density. 


2.  FIRST  BORN  APPROXIMATION  EXPRESSION  FOR  <R'> 

Let  the  plasma  slab  be  divided  into  n  regions  (Fig.  1)  and  let  the  fluctuating  component 
of  the  total  electron  density  be  constant  in  each  of  these  regions  (since  the  unperturbed 
slab  is  homogeneous,  the  total  electron  density  is  also  constant  in  each  region). 

The  ith  region  is  of  length  [j  and  extends  from  Xj_j  to  xi  ,  where 

xj  =  i:  *i  . 

J  i=  l  A 


aw&xsx£EULauii 


Since  the  slab  in  of  thickness  d  , 


d 


t)|  and  kj  are  the  noraalized  fluctuating  electron  density  and  wavenumber  of  the  1th 
region,  respectively. 

Using  the  first-order  Born  approximation,  the  reflection  coefficient  R  can  be 
calculated  for  a  slab,  assuming  for  the  moment  that  rjj ,  /,  (j  =  1,2,  ....  n)  and  n  are 
fixed.  This  expression  can  then  be  averaged  over  all  possible  values  which  the  rjj ,  / }  and 
n  can  assume  to  give  (R'<Bn)  ,  which  is  the  first-order  Born  approximation  to  (R'  >  . 
The  authors  have  derived* l)  this  expression  as 


<rMB1)  ) 


(t£)2  -  2r> cos  2k  (aj  >  +  <si> 


(Sj> 


(1) 


where 


S 


i 


J-i  J 


1HM 
2 


iv[  cos  2k0ij  -  rj'n  cos  2k0(d-Xj)] 


(2) 


S 


2 


OJ, 


a> 


w 


l?ko(Xj-xr) 


itr 

root  mean  square  plasma  frequency  =  ■]( ive2  <Ne>/me 

angular  frequency  and  wavenumber  of  incident  radiation, 
respectively. 


(3) 


4 


3.  EVALUATION  OF  <R'(B1M  FOR  RANDOM  AMPLITUDES  FLUCTUATION 
USING  STATISTICAL  AVERAGING 

In  this  section  we  evaluate  Equation  (1)  for  (R,(B1)>  ,  using  the  assumption  that  the 

amplitudes  of  the  electron  concentrations  =  1.2 . n)  are  independent,  identically 

distributed  random  variables.  He  also  assume  that  the  are  independent  and  identically 
distributed  and  that  the  distribution  of  the  amplitudes  is  independent  of  the  distribution 
of  the  widths  (see  Figure  2).  Since  the  Tjj  are  independent,  averaging  over  the  distri¬ 
bution  of  t]'  gives 

cn'ivW  =  ^8iJ  ’  i'i  =  1(2 . n)  1  (4) 

where  has  the  usual  meaning 

0  for  i  /  J 
1J  {=  1  for  i  =  j 
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and  t*  =  <(r/')’)  .  (5) 

In  terms  of  the  probability  density  for  V.  P'(t)')  ,  the  average  over  (T)j)J  means 

V  *  <(*?()%  =  f  ^PUv'Mv')3  4v' :  ( 8) 


The  limits  of  Integration  In  reality  extend  from  the  lowest  to  the  highest  fluctuation. 

We  proceed  to  evaluate  various  quantities.  First, 

((V[)!  M^)?  -  2V,  t,'  cos  2k0d)„  -  2t}  .  (7) 

Averaging  over  the  distribution  of  V  and  l 


2((n),  -  1)M  . 


(8) 


From  Equation  (2),  with  cxj  ~  rj^t-  vj  .  and  using  Equation  (4), 

<®i  >  n  =  >[-  co«*  2k0*i  -  <K)?)n  C0B  2ko(d  -  xn-i>]  •  (9) 

where  the  only  contributions  to  the  sum  result  from  the  J  =  1  end  J  =  n- 1  terms. 
Equation  (9)  can  be  written  as 

(S  j  >T)  =  -  i  £  2  Ceos  2k0l ,  +  cos  2k0 i„]  .  (10) 

Averaging  over  the  distribution  of  widths  gives 

<s,  )V>1  -  -  KM  (cos  2k0il>/  +  (cos  2k0in>j] 

=  -  KM2  (cos  2k0i,  ),]  =  -  C2Wj  , 

J  i 

where 

W,  =  <  cos  (2k  0 1  j  >  >  =  J^PO)  cos  (2k0I)  di  .  (12) 


From  Equation  (3), 


1  n*1  n=i 


H  ayxr  cos  2k0(  x  j  -  xr) 
(S4r) 


Since 


<aJarM  =  (  +  +  ^r)  •  (13> 

the  only  contributions  to  (S^*,  will  come  from  the  terms  containing  77J  when 
r  =  j  -1  and  terms  7}j  +  17)'  when  r  =  j  +  1  .  Summing  the  slanting  row  which  is  parallel 
to,  and  immediately  adjacent  to,  the  principal  diagonal  lines  of  the 

Cjr  =  ajar  cos  [2k0(.ij  -  xr  )  ] 

matrix,  since  Cjr  =  Crj  ,  gives 
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and 


<B?>v  =  i  2  JS  - 1  >r,  CO.  2k0(Xj -Kjml) 

-  —  b'  ^  coa  2k. 1. 

2  l-j  0  J 


<S,)  ,  -  -  ;  S5  S<cob  2kflI  >,  =  -  K*(<n>,  -  2)W, 

1  2  J  ■  2 


(14) 


(15) 


Substituting  Equations  (7),  (8),  (11),  and  (15)  Into  Equation  (1),  with  <n);  =  d/  ( I  ) 

gives 


/rMBIK  _1J,_  w  I 

'  /v‘ 1  8  l  cj  I  (l  )]  1 


(16) 


Since  -1  <Wj  <  1  ,  the  maximum  contribution  to  the  mean  reflection  coefficient  due  to 
the  random  fluctuations  is 


/n/(Bi)\sax  _  1  r2  a 

/’■'  '  Alf  s  <T>  ’ 


(17) 


which  Is  Independent  of  the  distribution  of  widths. 


4.  RELATIONSHIP  BETWEEN  STATISTICAL  AVERAGING  AND  POWER 
SPECTRUM  METHODS 

An  alternative  and  widely  used  method  (see  also  Reference  1)  of  calculating  (R'  (Bl)) 
utilizes  the  power  spectrum  of  the  electron  density  fluctuations,  4 >(*)  .  The  result, 
when  d/I  »  1  ,  is 


(18) 


In  order  to  relate  the  expressions  (16)  and  (18),  we  calculate  (R'^Bl)>  u&ing  each  for 
the  case  when 


P(D  =  < 


1(1  -e"d/0 


0  <  I  <  d 


d  <  I  . 


(19) 


When  d/I  »  1  ,  then  ( l  >  -  I  and 


P(I)  ~  -ie*,/J 
l 


(20) 


Under  these  conditions 


2  I 

1  +  (k~1)2 


$  (K) 


(21) 


jjjjiilumi.il>..  II 
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giving,  from  Equation  (18), 


<R 


i  (Bl) 


»  ■ 


C2d7 


2  \uj  1  +  (2k0Z) 2 
Using  Equation  (2)  In  Equation  (11*)  given,  for  W,  , 


W,  - 


1  l  +  (2k  J)2 


(22) 


(23) 


which,  when  nubatituted  into  Equation  (16),  given  Equation  (22).  Thus,  the  power  spectrin 
and  statistical  averaging  methods  give  equivalent  results  when  d/f  »  1  . 


A  method  somewhat  similar  to  the  use  of  the  power  spectrum  is  to  substitute  £2Q2(t) 
for  (7)'(j)7)'(iitT))  directly  Into  the  expression  for  (R,<B:>)  ,  where  Q ?(r)  is  the 
two-point  correlation  function  and  integration  is  carried  out  over  the  range  0  <  x  <  d  . 
The  correlation  function  corresponding  to  the  power  spectrum  (21) is  (the  correlation  length 

a  --  7) 

Qj(r)  =  e-lT|/' 

and,  when  this  function  is  used  in  the  above  procedure,  the  result  for  (R'(Bl))  is 


<R'(Bl)> 


2yd  2[-y2-(2k0)’] 

7 2  +  (2k0) 2  “  [y2  +  ( 2k Q) 2] 2  + 

„  _yA  [72-(2k0)2]  cos  (2k0d) -47k0sin(2k0d)  > 

[y2  +  (2k0)  2]  2  / 


(23a) 


where  7=1  /l  .  This  expression  represents  an  improvement  over  Equation  (22),  and  reduces 
in  the  limit  of  d/l  »  1  to  the  latter.  For  the  cases  studied  in  Figures  3  and  4, 
Equation  (23a)  and  Equation  (16)  gave  the  same  result. 


3.  DISCUSSION  OF  RESULTS 

In  order  to  study  the  usefulness  of  Equation  (16)  under  conditions  when  Equation  (18) 
would  not  be  expected  to  be  valid,  calculations  were  made  for  the  case  when  o>p/a>  =0.05  , 
v/u)  -  0.0  and  d/ <  I  >  =  2.0  ,  i.e.,  for  an  underdense,  collisionless  plasma  having  large 
scale  fluctuations  in  electron  density.  Calculations  were  made  using  the  exponential 
distribution  of  lengths  (Equation  (19)),  and  a  uniform  distribution 

{I/d,  0  <  (  <  d 

(24) 

0  ,  d  <  I  . 

The  latter  gives  a  power  spectrum 

2 

(25) 

In  both  cases  the  slab  thickness  was  d  =  2  ( I )  and  the  incident  wavenumber  was  kd  =  20077 
Figures  3  and  4  show  the  comparison  of  (R'(Bl)>  calculated  using  Equations  (16)  and  (18) 
(with  the  appropriate  power  spectra).  Also  shown  are  the  exact  values  of  (R'>  calculated 
using  the  method  of  computer  modeling  of  the  electromagnetic  scattering  by  a  random  plasma 
slab^J.  The  figures  show  that  in  both  cases  the  statistical  averaging  method  (or  equiva¬ 
lently  using  the  correlation  function)  gives  improved  results  over  the  power  spectrum  method 


$>(*) 


sin  Kd/2 
Kd/2 


ET3RT 


JL.U*J  J!U»U  It. 


wmmmmm 


#2^ 
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In  fact,  the  latter  method  gives  <R'(Bn)  =  0  for  the  case  In  which  the  uniform  distri¬ 
bution  of  lengths  was  used,  whereas  both  of  the  other  methods  give  finite  results. 

Compared  to  the  corresponding  cases  with  a  small  correlation  length  (d  »  a)  ,  in  which 
the  agreement  with  the  first  Born  approximation  for  an  underdense  plasma  and  small  fluctua¬ 
tions  was  very  good1,  wo  see  that,  with  a  large  correlation  length  (e.  g.,  a  =  d/2),  the 
first  Born  approximation  using  the  power  spectrum  method  deviates  appreciably.  An  improve¬ 
ment  can  be  obtained  in  the  first  Born  approximation  by  using  the  corresponding  correlation 
function. 
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CONTROLLABILITY  ASPECTS  OP  SCATTER  PROPAGATION 

OP  RADIO  WAVES 

by 

M.  Z.  von  Krzywoblocki 

Michigan  State  University,  USA 


SUMMARY 


In  the  first  part  the  author  discusses  the  main  aspects  of  the  statistical 
theory  of  the  locally  isotropic  turbulence  in  the  Kolmogorov  formulation  and 
in  the  second  he  presents  the  main  formalism  (equations)  of  the  scattering 
of  electromagnetic  waves  due  to  turbulence.  The  next  part  contains  the 
scattering  of  electromagnetic  waves  in  a  plasma.  The  main  aspects  of  the 
mathematical  formalism  are  presented  as  briefly  as  possible  on  an  example 
of  a  scattering  of  transverse  waves  in  a  plasma.  An  analogous  procedure  is 
applicable  to  many  other  types  of  scattering  in  plasma:  scattering  by  incoher¬ 
ent,  coherent,  Langmuir,  low-frequency  fluctuations,  etc.  The  next  part 
briefly  presents  the  main  aspects  of  the  scatter  propagation  on  very  high 
frequencies  due  to  Irregularities  in  the  D-region,  F-scatter,  tropospheric 
and  ground  scatter,  etc.,  and  on  low  and  very  low  frequencies.  The  presently 
used  techniques  of  selecting  the  optimum  working  frequencies  (FOT)  for  various 
types  of  scatter  propagation  of  radio  waves  are  usually  based  on  some  kind  of 
statistical  approach.  Is  it  possible  to  propose  a  formalism  which  is  mathe¬ 
matically  stronger  than  the  one  presently  available  which  would  allow  one  to 
select  the  POT  in  various  kinds  of  scatter  propagation?  The  author  attempts 
to  answer  this  question  in  as  simple  a  manner  as  possible,  avoiding  the  heavy 
and  deep  mathematical  formalism  and  restrifting  himself  to  presenting  only 
the  final  results.  At  first,  the  author  briefly  presents  the  fundamentals 
of  the  optimization  theory  emphasizing  the  control  functions  and  the 
functional  which  must  be  optimized.  As  the  control  functions  given  in 
certain  definite  regions  one  may  choose  the  frequency,  the  amplitude,  and 
the  wave  vector  (or  the  energy)  of  the  incident  wave  (sent  from  the  earth  or 
satellite  or  any  other  stations  moving  or  being  at  rest  somewhere,  including 
the  moon),  one  or  more  of  them.  This  review  shows  that  these  functions  are 
sufficient  for  such  purposes.  Next,  the  author  proposes  the  following 
scheme  of  the  controllability  of  the  scatter  propagation  (the  example  given 
below  is  only  for  illustrative  purposes;  some  other  criteria  may  be  chosen, 
as  well).  Given  the  Maxwell  system  describing  the  scatter  propagation 
phenomenon  and  the  expression  for  the  scattering  cross-section  in  the 
scattering  volume  in  the  form  of  an  integral,  the  problem  is  to  solve  the 
Maxwell  system  under  the  restrictive  condition  that  the  scattering  cross- 
section  should  be  the  minimum.  The  chosen  control  functions  (the  character¬ 
istic  parametric  variables  of  the  sending  station)  are  varied  so  that  the 
solution  of  the  system  furnishes  the  sought  optimum  of  the  integral.  Ibis 
gives  the  optimum  values  of  the  parametric  variables  of  the  sending  station 
and  allows  one  to  control  the  scatter  propagation  of  radio  waves. 
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CONTROLLABILITY  ASPECTS  OF  SCATTER  PROPAGATION 
OF  RADIO  WAVES 

M.Z.  von  Krzywoblocki 


1.  STATISTICAL  THEORY  OF  ISOTROPIC  TURBULENCE 
1.1  General  Remarks 

The  statistical  theory  of  isotropic  turbulence  in  incompressible  media,  originated  by 
Taylor1,  developed  by  von  Kdrmtto2,  and  von  Krfrmrfn  and  Howarth3,  was  systematized  by 
Robertson4  with  the  use  of  certain  elementary  results  of  the  theory  of  invariant  groups. 

The  theory  of  the  locally  isotropic  turbulence  in  incompressible  media  was  originated  and 
developed  by  Kolmogorov  (described  hy  Batchelor5,  Chandrasekhar6,  etc.).  One  can  also 
mention  the  work  of  Loitsianskij 7  referring  to  the  invariant  disturbance  moment  in  a 
homogeneous  Isotropic,  turbulent  flow  of  an  incompressible,  viscous  fluid.  Coburn8 
furnished  a  method  for  the  construction  of  independent  scalars  in  various  types  of  homo¬ 
geneous  turbulence  in  incompressible  fluids.  The  mathematical  fundamentals  of  the  statis¬ 
tical  theory  of  turbulence  in  incompressible  fluids  were  constructed  by  Kampd  de  F^riet9 
(the  existence  proof  of  the  second -order-correlation  tensor  for  homogeneous  turbulence  in 
incompressible  fluids).  There  is  also  the  work  on  homogeneous  turbulence  hy  Batchelor5. 

The  first  approach  to  the  theory  of  turbulence  (not  a  statistical  theory  of  isotropic 
turbulence)  of  a  compressible  medium  was  probably  that  proposed  by  Keller  and  Friedman10 
in  1924.  The  basic  statistical  theory  of  isotropic  turbulence  in  compressible  media  was 
developed  years  later  by  von  Krzywoblocki1 1:  the  invariant  theory  of  isotropic  turbulence, 
locally  isotropic  turbulence,  decay  of  turbulence  in  terms  of  vorticity,  isotropic  turbu¬ 
lence  in  magnetohydrodynamics  of  a  compressible  medium,  locally  isotropic  turbulence  in 
magnetohydrodynamics,  independent  scalars,  turbulence  in  rarefied  gases,  proof  of  the 
existence  of  the  second-order -correlation  tensor  for  homogeneous  turbulence  in  compressible 
fluids,  etc. 


1.2  Isotropic  Turbulence  Theory  in  Incompressible  Fluids 


In  accordance  with  the  notation  used  in  previous  papers,  we  denote  all  the  quantities 
referring  to  the  point  P  by  ut  ,  i  ,  p  ,  etc.,  and  those  referring  to  the  point  P'  by 
primes  u^  ,  i'  ,  p'  ,  etc.  As  usual,  it  is  assumed  that  the  magnitudes  at  the  point  P 

are  independent  of  the  variations  of  the  coordinates  (x^)  of  P'  and  vice  versa.  We 
introduce  the  following  correlation  functions: 


Uj  ,  u'  velocity  components  parallel  to  PP'  =  r; 

u2 ,  u'  velocity  components  perpendicular  to  PP'  ;  > 

UjU  7  =  u7f(r,t);  u2u'  =  i?g(r,t);  etc. 


(1) 


The  fundamental  equation  for  the  propagation  of  the  velocity  correlation  function  is  derived 
from  the  equation  of  the  conservation  of  momentum  and  is  known  as  the  Kdrmdn- Howarth 
equation. 
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1.3  Locally  Isotropic  Turbulence 

The  main  results  of  the  Kolmogorov  theory  of  locally  isotropic  turbulence  are  the 
following.  Assume  three  points  in  the  domain  in  question,  P,P',P";  all  the  variables 
referring  to  the  point  P'  are  denoted  hy  primes  u^  ,  p' ,  etc;  those  referring  to  the 
point  P"  by  double  primes,  etc.  It  is  assumed  that  the  variables  at  P  are  independent 
of  the  variations  of  and  x£'  ,  and  vice  versa.  The  following  vectors  are  used: 


PP'  =  £(r)  ; 

PP"  =  Tj(r 2)  ; 

P'P"  =  r(r3) 

(2) 

|PP'|  =  r  ; 

|PP"I  =  r2  ; 

|P'P"|  =  r3  . 

(3) 

Let  suffixes  “d”  and  "n”  denote  components  parallel  and  perpendicular  to  PP'  , 
respectively,  and  let  us  introduce  symbols 

Bdd<r'  =  <ud-ud>J  :  Bnn<r>  =  K“un)Z  ■  <4> 

The  mean  rate  of  dissipation  of  energy  per  unit  mass  of  the  fluid  due  to  viscosity  is 


e 


B. 


2  dd, rr 


(0) 


(5) 


where  v  is  the  kinematic  viscosity.  When  the  flow  Reynolds  number  is  very  large,  the 
amount  of  energy  dissipated  through  viscosity  by  all  except  the  very  smallest  eddies  is 
infinitesimal  compared  with  the  amount  of  energy  passed  on  to  the  next  smaller  set  of 
eddies.  Most  of  the  sets  of  eddies  pass  on  to  their  neighbors,  in  the  direction  of 
decreasing  size,  the  same  amount  of  energy  in  unit  time  equal  to  the  energy  dissipation. 

The  motion  due  to  the  larger  eddies  should  therefore  be  determined  statistically  by  the 
quantity  e  .  The  motion  of  the  smaller  set  of  eddies  is  determined  by  e  and  v  , 
since  these  eddies  dissipate  through  viscosity  some  of  the  energy  they  receive  from  their 
larger  neighbors.  The  Kolmogorov  first  similarity  hypothesis  states  that  in  locally  iso¬ 
tropic  turbulence  the  probability  distributions  defining  the  turbulence  are  uniquely 
determined  hy  the  quantities  e  and  v  (small  eddies).  The  second  Kolmogorov  similarity 
hypothesis  states  that,  if  the  spatial  separation  PP' ,  PP"  ,  etc.  and  their  difference 
P'P"  .  etc.,  are  large  in  magnitude  compared  with  77  ,  the  resulting  probability  distribu¬ 
tion  defining  the  turbulence  depends  only  on  t  (large  eddies).  In  1962  Kolmogorov 
modified12  his  theory.  Kumar13,  using  the  idea  of  the  Kolmogorov  modified  theory,  proposed 
the  structure  functions  for  velocity,  temperature  and  pressure  fields  and  Silverman14 
applied  Oboukhov’ s15  turbulent  mixing  theory  to  the  radio  scattering. 


2.  SCATTERING  DUE  TO  TURBULENCE 


2. 1  Refractive  Index 

Tatarski16  uses  the  concept  of  the  locally  isotropic  turbulence  and  proposes  the  following 
form  of  the  refractive  index  function,  n  ,  of  the  atmosphere: 


n  =  l£r1/3  ,  for  i0  «  r  ;  n  =  C3 i£/3  (r/(0)3  .  for  r  «  la  . 


c>  =  .OJ'V. 


where  a  is  a  numerical  constant  , 


M  =  -79  x  10’6 pT"2(l  +  15,  500  qT"1)  x 


dT  .....  dq 

—  +  y  -  7800(1  +  15, 500  qT  1  — 


dz 


dz 


(6) 

(7) 

(8) 


where  the  symbols  denote:  lQ  =  the  geometrical  dimensions  of  the  smallest  fluctuations 
occuring  in  the  fluid  ,  p  =  static  pressure  ,  T  =  temperature  ,  z  =  altitude  , 

7a  =  0.98°/100m  =  the  adiabatic  temperature  gradient  ,  i.e.,  a  rising  elementary  volume 
of  air  cools  at  0.98°  for  100m  of  elevation,  q  =  specific  humidity  or  the  concentration 
of  water  vapor  in  the  air,  i.e.,  the  ratio  of  the  mass  of  water  vapor  to  the  mass  of  moist 
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air  in  a  unit  altitude.  The  refractive  index  of  a  medium,  being  defined  as  the  ratio  of 
the  velocity  of  a  wave  in  free  space  to  its  phase  velocity  in  a  medium,  is  n  =  cu'1  =  kcco'1, 
where  u  =  tuk*1  ,  k  =  wavenumber  ,  and  c  =  the  velocity  of  light  ,  and  depends  obviously 
upon  the  frequency  co  .  Assuming,  for  simplicity,  that  the  dielectric  is  isotropic,  the 
dielectric  tensor  reduces  to  a  dielectric  scalar  k  .  The  square  of  the  refractive  index 
is  equal  to  the  dielectric  scalar,  n 2  =  k  .  Paul17  obtained  results  different  from  those 
given  in  Equations  (6)  to  (8),  using  new  ideas  and  the  approach  of  Kolmogorov12  and 
Oboukhov15.  Namely,  the  structure  function  of  the  refractive  index  can  be  written  as 

D(r)  =  C(X)  Ne‘l/3r2/3(Lr'1)‘k'  ,  (9) 


where  C(X)  depends  upon  the  macrostructure  of  the  flow,  k'  is  a  universal  constant, 

N  is  the  rate  at  which  the  energy  is  dissipated  in  the  smallest  eddies  and  which  is 
constant  in  the  region  which  is  small  in  comparison  with  the  external  scale  L  ,  e  is 
the  energy  dissipation  rate  in  the  turbulent  flow.  Fbr  -2/3  <  k'  <  4/3  ,  the  structure 
turbulent  function  (9)  implies  that  the  one-dimensional  spectral  density  at  wavenumber  k 
of  the  field  has  the  form 

E(k)  =  Csk‘(5/3+k,)  ,  (10) 


CS 


?r(5/3  +  k')C(X)  sin 


(11) 


2.2  Maxwell’s  Equations 

We  use  the  following  symbols:  (a)  electric  field:  E  =  electric  vector  field  intensity  , 
k  =  dielectric  coefficient,  D  =  xE  =  displacement  vector  field;  (b)  magnetic  field: 

H  =  magnetic  vector  field  ,  y  -  permeability  of  the  medium,  B  =  yH  =  magnetic  induction  ; 
(c)  current  and  charge:  J  =  electric  current  density  vector,  cr  =  density  of  electric 
charge  .  The  Maxwell  Equations  are 


(a) 

curl  H 

1  BD  477 

=  __  +  —  j;  div  B  =  0 

c  Bt  c 

(12) 

(b) 

curl  E 

1  Bb 

= - ;  div  D  =  477cr  . 

c  Bt 

(13) 

In  our  particular  present  case  we  assume  y  -  1  ,  cr  =  J  =  conductivity  =  0 ,  x  is  time 
independent.  After  a  few  operations,  the  system  (12),  (13  ),  takes  the  form 


V2E  +  grad  (E  •  grad  logex) 


1  B2E 
?  *  Bt2 


0  . 


(14) 


With 

E  =  Ej  exp  (— iojt )  ,  kx  =  ojc’1,  =  wavenumber  ,  (15) 

Equation  (14)  takes  the  form 

Ej  +  grad  (Ex  .  grad  loge  x)  +  k2xEj  =  0  .  (16) 

2.3  Formulation  of  the  Problem  and  Solution 

We  formulate  the  problem  in  the  following  way.  Consider  a  plane,  monochromatic,  electro¬ 
magnetic  wave  incident  upon  a  volume  V  of  a  turbulent  medium  (air  or  interstellar  gas). 
Inside  the  volume  V  there  is  a  turbulent  mixing  and  irregular  refractive  index  fluctua¬ 
tion  which  cause  the  scattering  of  the  incident  wave.  The  problem  is  to  describe  the 
characteristic  features  and  properties  of  the  scattering  phenomenon.  The  total  amplitude 
Vector  function  Ej  is  decomposed  into  the  amplitude  of  the  electric  vector  of  the  incident 
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plane  wave,  E,.  ,  and  of  the  scattered  wave,  E,„  ,  i.e.,  E,  =  E,.  +  E,„  ,  with  the 

18  11118 

condition  that  the  vector  ElA  satisfies  the  equation 

+  k?Elt  =  0  .  (17) 

With  k  -  n2  =  (1  +  n; )2  ,  the  equation  for  E  has  the  form 

Eja  +  k2  [(2nt  +  n|)Eu  +  (1  +  n^E^]  +  2  grad  [Eu  •  grad  loge  (1  +  nt)  + 

Elg  .  grad  (l  +  nx)]  =  0  .  (18) 

Tatarski16  applies  the  expansion  for  loge(l+n)  ,  assumes  that 

Els  =  E<°  +  E|2>  +  . . .  .  E(0  ~  n2  , 

reformulates  (18)  with  the  assumption  that  the  small  perturbation  technique  is  valid  and 
obtains  the  equation  for  Ej1^  ,  which  supposedly  is  small  with  respect  to  E^  . 
von  Krzywoblocki18  associates  with  (18)  the  equation  of  the  Fredholm  type  and  proposes  a 
solution  by  means  of  the  method  of  successive  approximations  of  integral  equations.  A 

solution  for  Elg  depends  primarily  upon  the  parameters  kj  ,  k  .  The  magnetic  field  is 

calculated  in  the  similar  way  and  again  depends  primarily  upon  kx  ,  k  .  The  intensity  of 
scattering,  i.e.,  the  rate  of  energy  flow  in  the  scattering  field  (the  density  of  flow  of 
the  scattered  energy)  is  given  by 

S  =  c(87T)'1Re(E1  xH*)  ,  (19) 

where  H*  is  the  conjugate  and  R  denotes  the  real  part,  with  the  terms  referring  to  the 
incident  wave  excluded  from  E;  .  The  density  of  the  energy  flow  in  a  given  direction  m 
is  equal  to  S  •  m  ,  and  is  denoted  by  S  .  With  cr  denoting  the  effective  cross-section 
for  scattering  into  the  solid  angle  dft  in  the  direction  characterized  by  the  unit  vector 
m  ,  one  obtains 

do-  =  877-(cE0l)'2S|Br2dn  ,  (20) 

where  EQl  is  a  part  of  the  solution  of  (17)  given  by 

Eii  =  E^expdl^r)  ;  EQi  =  constant  ,  (21) 

and  denotes  the  unit  vector  in  the  direction  of  the  propagation  of  the  incident  plane 

wave,  r  is  the  observation  vector,  i.e.,  a  vector  from  the  origin  of  the  coordinate  system, 
usually  Cartesian  or  any  other  orthogonal,  to  a  point  located  inside  the  volume  V  where 
the  scattering  occurs.  Usually  the  vector  r  is  very  large.  The  turbulence  existing 
inside  the  volume  V  causes  Sn  to  be  a  turbulent  variable,  Equation  (19),  and  consequently 
Sn  denotes  the  mean  value  of  a  turbulent  variable,  taken  according  to  the  rules  of  the 
theory  of  turbulence.  The  review  first  presented  shows  that  the  solutions  depend  upon  the 
following  parameters:  kj  =  ojc"1  ,  k  =  n2  ,  and  n  is  given  by  Equation  (6)  and  discussed 
in  the  Section  2. 1. 


3.  SCATTERING  OF  ELECTROMAGNETIC  WAVES  IN  PLASMA 

In  a  plasma  different  oscillations  interact  with  one  another  during  the  process  of 
propagation  and  this  interaction  leads  to  different  processes  of  wave  scattering  and 
transformation  in  the  plasma.  The  probabilities  of  such  processes  of  scattering  are 
determined  by  the  level  of  the  fluctuations  in  the  plasma.  Electromagnetic  waves  which 
propagate  in  a  plasma  may  be  scattered  by  thermal  fluctuations.  A  spectrum  of  the  fluctua¬ 
tions  is  characterized  not  only  by  the  main  maximum  at  low  frequencies,  but  also  by  maxima 
at  frequencies  associated  with  the  natural  oscillations  of  the  plasma.  Due  to  this  a 
combination  (Raman)  scattering  may  occur,  accompanied  by  a  change  in  the  scattered  wave 
frequency  by  an  amount  equal  to  the  natural  frequency  of  the  plasma  oscillations.  It  may 
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be  accompanied  by  the  incoherent  scattering  of  the  electromagnetic  waves  associated  with 
the  small  charges  in  the  frequencies.  Also  the  interaction  of  the  propagating  waves  with 
the  fluctuating  oscillations  leads  to  mutual  transformations  of  the  waves.  The  Intensities 
of  the  Raman  scattering  and  of  the  wave  scattering  are  determined  by  the  magnitude  of  the 
fluctuations.  The  electromagnetic  field  in  the  plasma  is  usually  governed  by  the  system 
of  kinetic  equations  for  each  species  of  particles,  which  constitute  the  plasma: 


B F  .  ,  BF 

Ff  +  v  —  +  m  1  e  (E  +  c  1  v  x  H)  — 

Br  Bv 


and  the  system  of  Maxwell’s  equations 

l  Bh 

curl  E  = - ;  div  E  =  iv(p+p  ) 

c  Bt 


(23) 


i  Be  477 

curl  H  =  —  (j  +  j0)  ;  div  H  =  0  ,  (24) 

c  Bt  c 


where  pQ  ,  j  are  the  densities  of  the  external  charges  and  currents  and  p,  J  the 
densities  of  the  induced  charges  and  currents.  This  system  may  be  simplified  and  reduced 
to  the  form 

2x  B2E 

curl  curl  E  +  c  2e  — -  =  0  ,  (25) 

Bt2 

where  e  is  the  dielectric  tensor  of  the  plasma.  The  total  electric  field  is 

E.  =  EQ  +  E  +  E' ,  where  EQ  is  the  field  of  the  incident  wave,  E  the  fluctuation  field, 

E'  the  field  of  the  scattered  waves.  The  field  of  the  scattered  waves  is  determined  from 


,  B2E'  , 

curl  curl  E'  +  c  e  — -  =  -  477c  —  , 

Bt2  Bt 


(26) 


where  J  is  the  current  due  to  the  field  EQ  and  E  .  Let  the  incident  wave  be  a  plane 
monochromatic  wave 

E0(r,t)  =  E0  exp  [i(k  •  r)  -  iwt]  .  (27) 

Consider,  for  illustrative  purposes,  the  scattering  of  transverse  waves  in  a  plasma 
[(k  •  Eq)  =  0,  (k  •  E')  =  0]  .  Having  the  expression  for  the  current  J  ,  we  find  the 
scattering  intensity  in  the  frequency  range  do/  and  the  element  of  a  solid  angle  do' : 

dl  =  Vc(16772)"1e2m"2c‘4 (o/af l)2(e(o;')) E2^  <Sn2)q  Aajdo>'d0'  ,  (28) 

where 

V  =  scattering  volume 

e  =  charge 

m  =  mass  of  particle 

EQi  =  component  of  EQ  at  right  angles  to  the  vector  k' 

e(aj')  -  1  -  Q2u)'~2 

a)'  =  frequency  of  the  scattered  wave 

k'  =  wave  vector  of  the  scattered  wave 

k'2  =  (oj'c'1)2  e(o}'  )Q  =  (4T7e2nQm'1)1  ^2  ,  Langmuir  frequency 
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nQ  =  particle  density 

<*»%,  ^  =  so-called  correlator  of  the  density  fluctuations  where 
q=k,-k,Aaj  =  ai'-a). 

If  the  incident  wave  is  unpolarized,  then  the  mean  value  of  the  square  of  the  field 

E0i  "  ^  +  COS2#)  Eg  , 

where  6  is  the  scattering  angle,  i.e.,  the  angle  between  the  vectors  k  and  k'  . 
Dividing  the  scattering  dl  (Equation  (28))  by  the  flux  density  of  the  incident  wave’s 
energy, 

S0(87r)'1  c  [e  (oj)]1  ^2E2  , 

and  the  magnitude  of  the  scattering  vol’  le,  V  ,  we  find  the  scattering  cross-section  or 
the  scattering  coefficient  d£  =  (S£)V)'1dI  .  In  a  similar  way  we  may  find  the  scattering 
coefficients  in  other  cases  of  wave  scattering  and  transformation  of  electromagnetic  waves 
in  a  magnetoactive  plasma:  scattering  and  transformation  of  electromagnetic  waves  by 
incoherent  fluctuations  (fluctuations  of  the  electron  density);  scattering  and  transforma¬ 
tion  of  electromagnetic  waves  by  coherent  fluctuations  (collective  fluctuations);  scatter¬ 
ing  and  transformation  of  electromagnetic  waves  by  Langmuir  fluctuations  (high-frequency 
fluctuations;  the  refractive  index  of  the  fluctuation  Langmuir  oscillation  is  much  larger 
than  unity,  whereas  the  refractive  indices  of  the  incident  and  scattered  waves  are  of  the 
order  of  unity);  scattering  and  transformation  of  electromagnetic  waves  by  low-frequency 
fluctuations  (Raman  scattering  can  be  produced  by  low-frequency  magnetic-sound  and  Alfvdn 
fluctuations);  scattering  and  transformation  of  Langmuir  waves  in  a  magnetoactive  plasma 
by  incoherent  fluctuations,  and  by  coherent  fluctuations;  transformation  of  low  frequency 
waves  by  Langmuir  fluctuations  in  a  magnetoactive  plasma,  etc. 


4.  SCATTER  PROPAGATION  ON  VERY  HIGH  AND  VERY  LOW  FREQUENCIES 

4.1  Scatter  Propagation  on  Very  High  Frequencies 

Concerning  the  scatter  propagation  on  very  high  frequencies,  one  may  obtain  practical 
information  from  collections  of  data  on  ionospheric  radio  propagation  like  those  produced 
by  Davies21.  Ionospheric  transmission  of  VHF  (very  high  frequencies)  is  more  the  result 
of  scattering  of  waves  by  irregularities  in  the  electron  density  distribution  in  the 
ionosphere  than  the  result  of  a  gradual  refraction.  If  sufficient  and  strong  high 
transmitter  powers  are  applied,  then  the  net  scattering  due  to  electrons  (quasi-incoherent 
scatter)  can  be  determined.  Reference  21  lists  the  following  sources  of  the  irregularities 
in  the  ionosphere:  irregularities  due  to  turbulent  mixing  in  the  D-region,  ionized  trails 
due  to  passing  meteors,  spread-F  irregularities,  sporadic  E  and  individual  electrons.  The 
main  advantages  of  VHF  propagation  given  in  Reference  21  are  the  low  signal  strengths, 
inefficiency  of  the  scattering  mechanism,  rapid  fading,  limited  ground  range  (~2000km), 
and  mutual  interference  between  channels  normally  independent,  etc.  For  illustrative 
purposes  we  quote  below  some  formulas  in  particular  cases  of  scattering21.  The  geometry 
of  the  forward  scatter  from  the  irregularities  in  the  D-region  is  governed  by  the  formula 

Pa  =  Ptr‘2r2bAr  cosec  (y/2)S(K)  ,  (29) 


where 

p„  =  available  power  from  a  receiving  antenna 

a 

Pt  =  power  radiated  from  the  sending  antenna  in  the  direction 
of  a  volume  “V”  of  the  ionosphere  illuminated  by  the 
transmitter 

rQ  =  electron  radius  (2.8xl0*15m) 
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l  =  distance  from  "V”  to  the  receiving  station 
b  =  thickness  of  the  scattering  volume 
Aj.  =  effective  area  of  the  receiving  antenna 
y  -  angle  through  which  the  scattering  takes  place 
S(K)  =  spectrum  of  turbulent  irregularities 

and 

K  =  477AT1  sin  (y/2)  ,  (30) 

where  \  is  the  wavelength.  The  formula  (29)  applies  when  the  single  scattering  is  the 
dominant  mechanism  (i.e.,  the  amplitude  of  the  twice -scattered  wave  is  negligible)  and 
for  isotropic  irregularities.  The  formulas  emphasize  the  joint  frequency-distance  depend¬ 
ence  of  the  received  power  which  is  characteristic  of  scatter  propagation,  and  shows  that 
the  spectrum  of  irregularities  is  the  basic  description  of  the  turbulent  electron  density 
variations.  In  the  case  of  turbulent  mixing  Davies"’  recommends 

S(K)  =  K'n(dN/dh)2  ,  (31) 

where  dN/dh  is  the  electron  density  gradient.  The  relationship  of  the  system  loss  to 
the  frequency  f  and  the  geometry  of  the  propagation  path  is  given  by 

PpPa1  ~  Z2fns(sin>72)ns  1  ,  (32) 

where  n  =  n  +  2  ,  is  the  frequency  exponent  for  an  antenna  whose  gain  is  constant  with 
respect  to  frequency.  The  formula  (32)  allows  for  the  frequency  dependence  of  Af  ,  since 
the  gain  of  the  antenna  increases  as  the  square  of  the  frequency.  A  reflection  from  a 
meteor  trail  is  governed  by  the  transmission  equation  in  terms  of  the  scattering  cross- 
section: 

PrP^1  =  gtgr^2  (l6772R“)'lcr  ,  (33) 

where  gfc  ,  gr  are,  respectively,  the  power  gains  of  the  transmitting  and  receiving  antennas 
relative  to  an  isotropic  radiator  in  free  space,  K  is  the  wavelength  in  meters,  R  the 
distance  from  transmitter  to  the  trail  in  meters,  cr  is  the  scattering  cross-section  of 
the  trail  in  square  meters21, 

cr  =  [(R\/2)l/2req]2exp  (-32772Dt\'z)  ,  (34) 

where  rg  =  2.8178  x  10'15m  is  the  classical  radius  of  the  electron,  q  the  electron  line 
density  of  the  trail  in  electrons/m,  D  the  diffusion  coefficient  in  m2/s  ,  and  t  is  the 
time  in  seconds.  Let  us  remember  that  the  wavelength  \  appears  in  (33).  Davies21 
discusses  various  other  cases:  long  wavelength  reflections  from  high-density  trails,  short 
wavelength  reflections  from  low-density  trails,  other  aspects  of  reflections  from  meteor 
ionization,  apparent  location  of  trails,  diurnal  and  monthly  variations,  equatorial 
F-scatter,  auroral  scatter,  etc.  An  individual  electron  has  a  cross-section  for  the 
scattering  of  electromagnetic  waves  and  the  existance  of  incoherent  scatter  was  demon¬ 
strated  in  1958  (Ref.  21).  For  more  details  see  Reference  21.  Here  we  give  only  the 
result,  i.e.,  the  power  pr  received  from  a  distance  R  is 

Pr  =  PtaCTCT7?27J2T?A(8T7R2)'1  ,-  (35) 

where  a  is  the  antenna  aperture  area,  cr  the  cross  section  per  unit  volume,  c  the 
velocity  of  light,  r  the  pulse  duration  in  seconds,  and  r)r  ,  7}g  ,  t]a  are  coefficients  to 
correct  the  aperture  for  the  effects  of  resistance  losses,  sidelobes  and  tapered  feed, 
respectively. 
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4.2  Propagation  of  Low  and  Very  Low  Frequency  Waves 

The  propagation  of  the  electromagnetic  waves  at  low  and  very  low  frequencies  is  presented 
very  well  in  Reference  21. 


5.  CONTROLLABILITY 


5.1  Optialzation 


Before  we  explain  the  concept  of  controllability  we  have  to  present  the  concept  of 
optimization,  and  we  begin  with  ordinary  differential  equations.  Assume  that  a  dynamic, 
physical  system  is  described  hy  a  system  of  ordinary  differential  equations  in  a  vector 
form  dx/dt  =  f(x;u)  ,  where  x  =  (x 1  (t )  ,  x2(t)  ,  ...  ,  x*(t))  ,  f  =  (f3(x;u)  ,  f2(x,u)  ,  ...  ,)  , 
u  =  (u1(t),u2(t) . ur(t))  ,  the  x(t)  boing  the  dependent  variables,  t  the  indepen¬ 

dent  variable  and  the  ur(t)  being  the  control  functions,  which  are  bounded.  H.*  system 
in  question  satisfies  two-point  boundary  conditions,  i.e. ,  the  trajectory  must  pass  through 
two  given  points,  xQ(t  =  tQ)  and  Xj^  (t  =  t x )  .  Moreover,  there  is  given  a  functional  of 
the  form 


J 


ft  i 

I  f°(x(t)  ,  u (t ) )  dt 


min  ,  8J  =  0  , 


(36) 


and  the  optimization  principle  can  be  formulated  as  follows:  “In  the  space  X(t)  there  are 
given  two  points  ,  x0  and  xt  .  Among  all  the  admissible  control  functions  which  allow 
one  to  transfer  a  point  x  from  xQ  to  x x  along  the  sought  trajectory,  find  the  one 
which  makes  the  functional  (36)  a  minimum".  To  solve  the  problem  one  may  use  the  calculus 
of  variations,  Pontryagin’ s  maximum  principle,  the  steepest  descent  technique  or  any  other 
from  many  available  techniques.  The  final  calculations  are  usually  done  on  a  digital 
computer.  As  the  control  functions  one  may  use  any  dependent  variable  appearing  in  the 
system  in  question,  including  the  boundary  conditions.  The  controls  must  be  contained  in 
a  certain  finite  and  bounded  “admissible”  domain.  Concerning  the  optimization  techniques 
for  partial  differential  systems,  the  question  is  much  more  complicated.  Ihe  calculus  of 
variations  was  never  generalized  to  the  field  of  partial  differential  equations  as  a  whole, 
only  to  some  partial  differential  equations.  The  Pontryagin  principle  was  never  formally 
generalised  to  partial  differential  equations,  and  no  proof  of  this  procedure  was  ever 
presented.  Using  numerical  techniques  one  can  apply  optimization  procedures  to  partial 
differential  systems  in  the  following  manner:  Given,  a  partial  differential  system  which 
has  to  satisfy  two-curve  boundary  conditions.  Moreover,  there  is  given  a  functional  which 
has  to  be  optimized.  The  control  fu,  ctions  are  located  in  a  certain  bounded  sub-domain 
on  a  certain  surface  or  hypersurface  ^.'n  a  multi -dimensional  space),  on  which  we  construct 
a  grid  of  n  points.  For  each  point  we  know  the  value  of  the  control  functions,  which  we 
insert  into  the  system  and  solve  it  with  the  prescribed  boundary  conditions.  Next,  we 
calculate  the  functional  (to  be  optimized)  with  the  use  of  the  functions  found.  Repeating 
this  procedure  n  times  we  obtain  an  approximate  solution  of  the  optimized  two-curve 
boundary  value  problem  for  a  partial  differential  system. 


5.2  Controllability.  Fundamental  System 


For  simplicity,  we  propose  a  scheme  for  the  controllability  of  the  scattering  phenomenon 
in  a  few  particular  cases.  The  schemes  may  obviously  be  generalized  and  extended  to  other 
particular  cases,  already  discussed.  Hie  starting  point  for  the  solution  of  a  scattering 
problem  is  the  Maxwell  system23, 


Vx  E  =  BB/Bt  ; 

V  •  D 

=  p  ; 

where 

E  = 

H  = 

electric 

magnetic 

V  x  H  =  Dt  +  J;  V  •  B  =  0,  (37) 

field  intensity 
field  intensity 
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D  =  displacement  vector 
B  =  magnetic  induction 
J  =  current  density 
p  =  charge  density. 

n 

Assuming  the  time  convention  exp  (ioit)  we  obtain 

V  x  E  =  -io>B  ;  V  •  D  =  p\  VxH  =  IojD  +  J;  V-B  =  0.  (38) 

In  a  homogeneous  charge-free  region  with  inductive  capacities  p  and  e  and  conductivity 
cr  ,  each  of  these  quantities  must  satisfy  the  vector  Helmholtz  equation 

VxVxF  r  k2F  ;  k2  =  co2pe  -  ia> pa  ,  (39) 

where  F  =  E  or  H  .  The  solution  of  the  scattering  problem  consists  of  finding  the 
solution  of  Equation  (39)  which  satisfies  the  boundary  conditions  on  the  surface  of  the 
scatterer  and  at  infinity.  For  a  scatterer  of  finite  conductivity  in  free  space,  the 
field  vectors  inside  and  outside  the  scatterer  are  respectively  (E^.Hj)  and  (E0,H0).  The 
boundary  conditions  at  every  point  of  the  surface  are  given  in  terms  of  two  vector  and 
scalar  products, 

nx(Ei-E&)  =  0;  n(Dj  -  DQ)  =  0;  nxIHj-^)  =  0;  n(Bi  -  B0)  =  0,  (40) 

n  being  the  unit  normal  to  the  surface,  taken  outward.  If  the  conductivity  of  the  scatterer 
is  infinite  (as  for  metallic  scatterers  in  radar  problems)  the  fields  inside  the  scatterer 
are  zero  and  equations  (40)  reduce  to 


nxE0  =  0;  n  •  B  =  0. 


(41) 


The  condition  at  infinity  for  a  scalar  wave  function  ¥  is  usually  stated  in  the  form 


lim  R 

R— oo 


0  . 


(42) 


For  perfectly  conducting  scatterers  in  free  space,  as  well  as  for  dielectric  bodies  or 
briefly  for  a  homogeneous,  charge-free,  current-free  isotropic  medium,  the  Hertz  vectors 
are 

B  =  iai/xeV  xw  ;  E  =  k2w  -  ,  where  $  is  arbitrary,  (43) 


with  p  =  constant  ;  since  V*  E  =  0  and  V.  H  =  0  in  a  charge  free  region,  with  $  =  -V-tt 
one  obtains  the  equation 

(Vz+k2)7r  =  0  .  (44) 


For  waves  in  a  homogeneous,  charge-free  medium  one  can  express  a  completely  general  electro¬ 
magnetic  field  in  terms  of  two  independent  scalar  functions  (u,v): 


-  ia)/xVx77*  ;  H  = 

<3 

X 

<3 

X  7T*  +  IojEVxtt  , 

(45) 

u  =  ua 

(a) 

v *  =  va 

(b) 

► 

(46) 

V2¥  +  k2¥  =  0 

(c) 
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where  the  scalar  functions  u,  v  ,  satisfy  Equation  (46(c)).  Equation  (46(c))  can  be 
solved  by  the  Bergman  linear  integral  operator  technique  as  in  Reference  11.  satisfying 
the  superimposed  boundary  conditions  on  the  surface  of  the  scattering  body  and  at  infinity. 
But  Equation  (46(c))  must  be  solved  jointly  with  a  functional  to  be  optimized,  discussed 
below.  In  this  joint  system  one  has  to  choose  certain  variables  to  be  the  control  functions 
which  may  vary  in  certain  bounded  domains. 

5. 3  Functionals 

5.3.1  Geometrical  Optics 

We  now  discuss  a  few  functionals  and  the  possible  control  functions  which  may  be  used 
in  various  kinds  of  scatter  propagation.  When  the  surface  of  a  scatterer  is  smooth  and 
large  compared  to  the  wavelength,  the  method  of  geometrical  or  ray  optics  is  frequently 
used  to  calculate  the  scattered  field.  The  geometrical  optical  scattering  from  curved 
surfaces  for  arbitrary  incident  waves  has  been  proposed  by  Pock24.  'Pie  method  begins 
with  the  specification  of  the  scatterer  surface  of  the  specular  reflection  point  in  terms 
of  the  generalized  curvilinear  coordinates,  u*  ,  with  the  metric  dS2  =  gjjdu^du^  , 

(i,J  =  1,2).  The  phase  of  the  incident  field  at  the  scatterer  is  expressed  as 
$  =  27rp(u1,u2)\" 1  ;  the  relative  components  of  the  incident  field  vector,  along  the 
incident  Poynting  vector  V  and  the  corresponding  scattered  vector  U  are 

V  =  Vpfu1, u2)  ;  U  =  V  -  2n(n  •  V)  ,  (47) 

where  n  denotes  the  unit  normal  at  the  point  (u\u2).  The  area  of  the  cone  of  reflected 
rays  at  a  distance  R  from  the  scatterer  is  given  by  the  determinant  2R  ,  of  the  com¬ 
ponents  of  the  tensor  T^  ,  which  includes  the  tensor  g^  ,  the  curvature  tensor  of  the 
surface,  and  the  partial  derivatives  of  p(u1,u2)  .  The  field  intensities  at  distance  R 
from  the  scatterer  are  given  by  the  formulas23 * 24 

E8  =  [E1  -  2n(E1  x  n)3  (^S'1)  exp  (-ikR)  ;  (48) 

Hs.  S  =  [H1  -  2n(n  •  H1)]  (I^*1)  exp  (-IkH)  ;  (49) 

where  E8  ,  Hs  are  the  intensities  of  the  scattered  fields,  S  the  area  of  the  scatterer, 

El  ,  H1  the  intensities  of  the  incident  fields,  is  the  determinant  for  R  =  0  , 
and  the  factor  k  was  given  in  Section  5.2.  As  the  functionals  to  be  maximized  we  may 
choose  (48)  and  (49),  and  as  a  control  function  the  factor  "k”  .  Then  Equation  (40)  has 
to  be  solved  so  as  to  satisfy  the  boundary  conditions  on  the  surface  of  the  scatterer  and 
at  infinity,  with  the  additional  condition  that  Equations  (48)  and  (49)  ha\o  to  be 
maximized  and  with  “k”  being  the  control  function. 

5.3.2  Physical  Optics 

The  use  of  the  physical  optics  for  the  solution  of  the  scattering  problem  is  presented 
thoroughly  in  Reference  23  and  other  sources.  Without  going  into  all  the  details  we 
present  the  final  results.  For  scatterers  of  large  characteristics  dimensions,  the  result 
of  energy  flow  considerations  shows  that  the  surface  current  distribution  for  the  incident 
field,  J1  ,  may  be  chosen  in  the  form  given  below,  and  the  scattered  field,  Hs|p  at  a 
point  **p”  is 

J1  =  nxH1;  HsL  =  (4t r)_1  jJ^JdS;  4>  -  R'1  exp  (-ikR)  .  (50) 

p  «s» 

Choosing  the  parameter  k  as  the  control  function,  we  solve  Equation  (46)  under  the 
condition  that  (50)  is  the  optimum.  Application  of  the  variational  method  to  the  scatter¬ 
ing  of  radio  waves  is  discussed  in  Reference  23. 
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5.3.3  Radar  Cross-Section  and  Power 


The  control  functions  may  be  chosen  in  forms  of  the  radar  cross-sections  or  the  power. 
Suppose  that  R  der.utcs  the  distance  from  the  current  element  on  the  surface  element,  dS  , 
to  a  point  in  the  +y -direct ion,  with  the  wave  moving  in  the  direction  of  negative  y  .  If 
the  distant  point  har,  the  coordinates  (0,yQ,0),  and  the  incident  electric  field  intensity 
has  the  form 


E1  =  E°  exp  (iky)  , 


we  construct  the  variable 


U 


•  J  exp  (iky)  dS  . 


(51) 

(52) 


Then  the  ratio  of  a  plane  wave  power  density  to  the  corresponding  power  density  in  the 
scattered  field,  which  ratio  we  may  optimize,  is23 

tWr |  |E°  •  Esl2 

I w1 I  ”  Ie°I 

One  can  optimize  the  radar  cross-section 

a  =  [4ttoj262  I E° I**] ” 1  k**U2  ,  (54) 

or,  in  terms  of  the  wavelength, 

O-  =  [\2|E°lT10xe'1)77Uz  ■  (55) 

One  can  use  the  formula  (33)  for  the  transmission,  cited  by  Davies21  to  optimize  with 
A.  chosen  to  be  the  control  function,  or  the  formula  (29)  to  >ptimize  pa  with  K 
Equation  (30))  chosen  to  be  a  control  function21. 


k4U2 


(47DWy2|ET 


(53) 


5.3.4  Turbulence  Scattering 

In  the  scattering  due  to  turbulence,  discussed  in  the  Section  2,  one  may  optimize  the 
effective  cross-section  for  the  scattering  (Equation  (20)). 


5.3.5  Scattering  Angle 

Equation  (29)  refers  to  the  geometry  of  the  forward  scatter  from  the  irregularities  in 
the  D-region.  The  value  of  the  power  available  from  a  receiving  antenna,  pfl  ,  can  be 
controlled  by  means  of  the  angle  y  through  which  the  scattering  takes  place  and  which 
is  the  angle  contained  between  the  center  line  of  the  emitting  cone  from  emitting  antenna 
ar.d  the  center  line  of  the  receiving  cone  having  its  base  in  the  scattering  volume  V  of 
tne  ionosphere  illuminated  by  the  transmitter  and  its  apex  in  the  receiving  antenna. 

The  smaller  the  angle  y  ,  the  larger  the  value  of  pft  in  Equation  (29).  Irregularities 
in  the  D-region,  where  the  scattering  may  occur,  are  produced  by  the  action  of  turbulence, 
wind  shears,  etc.  on  the  electron  distribution  in  the  height  range  between  70  and  90  km. 
These  irregularities  in  electron  density  result  in  corresponding  fluctuations  in  refractive 
index  (Ref. 21,  p.344).  An  elegant  derivation  of  the  Appleton  formula  for  the  complex 
refractive  index  of  a  medium  such  as  the  ionosphere  is  given  in  Reference  21.  The  index 
can  be  controlled  up  to  a  certain  degree  by  means  of  the  emitted  wave.  By  controlling 
the  refractive  index  one  may  be  able  to  control  the  angle  y  inside  a  certain  bounded 
domain. 
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SUMMARY 


Results  are  presented  of  a  statistical  analysis  of  VHF  ionospheric 
forward  scatter  signals  propagated  via  the  equatorial  electrojet.  Con¬ 
tinuous  data  were  obtained  from  November  1966  through  June  1967  during 
moderate  sunspot  activity  (sunspot  numbers  ranged  from  50  to  100). 
Comparison  of  these  data  with  those  obtained  by  Cohen  and  Bowles2,  during 
the  International  Geophysical  Year  shows  that  the  influence  of  the  solar 
cycle  is  very  small.  During  the  period  of  this  study,  as  in  the  I GY,  the 
signal  levels  propagated  by  forward  scatter  at  the  magnetic  equator  are 
considerably  higher  than  those  for  similar  paths  at  temperate  latitudes. 
The  daily  variation  of  signal  intensity  attains  its  maximum  level  during 
daytime  hours,  associated  with  minimum  fading  rate  (about  20  Hz).  A 
secondary  maximum  occurs  during  the  night-time  hours,  associated  with  a 
higher  fading  rate  (about  50  Hz).  Hie  relative  minima  in  the  daily 
variation  occur  at  times  of  reversal  in  the  direction  of  flow  of  the 
electrojet.  A  statistical  study  of  these  times  thus  provides  the  sea¬ 
sonal  variation  of  the  morning  and  evening  reversal  timeB.  The  effects 
on  the  VHF  scatter  signals  of  magnetic  storms,  sudden  ionospheric 
disturbances  and  of  the  total  solar  eclipse  of  November  12,  1966,  are 
also  studied. 
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VHF  IONOSPHERIC  SCATTER  PROPAGATION 
VIA  THE  EQUATORIAL  ELECTROJET* 

Carlos  A.  Romero,  Alberto  A.  Giesecke,  Jr.  and  Major  EP  Oscar  Perez 


1.  INTRODUCTION 

This  paper  is  a  preliminary  report  on  experiments  in  VHP  forward  scatter  propagr  ion  via 
the  equatorial  electrojet,  between  the  cities  of  Lima  and  Juliaca,  Peru.  The  ultimate 
objective  of  these  experiments  was  to  employ  this  mode  of  propagation  for  telecommunications. 

The  first  VHF  ionospheric  scatter  propagation  experiments  were  carried  out  in  1953  by 
National  Bureau  of  Standards  (NBS)  scientists,  directed  by  Bailey,  Bateman  and  Kirby1,  who 
made  a  detailed  study  of  this  propagation  over  various  circuits  in  North  America.  Iono¬ 
spheric  propagation  by  forward  scatter  at  VHF  differs  completely  from  propagation  by 
ionospheric  refraction,  since  frequencies  are  used  that  exceed  the  'maximum  usable 
frequency’  (MUF)  for  F2  -layer  propagation;  such  VHF  signals  almost  completely  penetrate 
the  ionosphere,  except  for  a  very  small  fraction  that  is  scattered  by  ionospheric 
irregularities.  The  VHF  circuit  typically  utilized  as  a  reference  is  the  NBS  Cedar  Rapids- 
Sterling  circuit.  This  circuit  employed  a  transmitter-receiver  separation  of  1?90  km  and 
the  signal  was  scattered  primarily  in  the  D-and  E-regions. 

During  the  International  Geophysical  Year  (1958),  VHF  scatter  experiments  were  conducted 
by  NBS  near  the  magnetic  equator  in  South  America,  providing  information  concerning  iono¬ 
spheric  scatter  in  equatorial  regions.  Cohen  and  Bowles2  showed  that  the  scattered  signals 
over  equatorial  paths  were  usually  about  30  dB  stronger  than  signals  obtained  by  Bailey  et 
al. 1  in  temperate  latitudes.  These  signals  were  attributed  to  irregularities  in  the 
E- region  associated  with  the  equatorial  electrojet.  Such  irregularities  also  produce  the 
configurations  on  ionograms  identified  as  "Equatorial  Sporadic-E”  and  "Equatorial  Slant 
Sporadic-E”.  The  strong  signals  obtained  during  daytime  at  the  magnetic  equator  have  a 
time  variation  related  to  the  time  variations  in  the  horizontal  component  of  the  magnetic 
field.  Certain  physical  aspects  of  the  phenomena  associated  with  the  electrojet  were 
discussed  by  Cohen  and  Bowles3. 

Because  of  these  IGY  results,  equatorial  scatter  propagation  appeared  to  be  an  economic 
and  reliable  propagation  mechanism  to  exploit  for  telecommunications,  at  least  during  day¬ 
time  hours.  Hie  feasibility  of  this  utilization  would  depend  upon  maintaining  sufficiently 
strong  scattered  signal  intensities  throughout  the  solar  cycle.  The  experiment  which  is 
described  herein  was  originally  planned  for  the  period  of  minimum  solar  activity,  during 
which  it  was  supposed  that  the  most  adverse  scattering  conditions  would  be  encountered. 
However,  because  of  various  delays,  the  beginning  of  the  experimental  period  was  not  until 
October  1966. 

The  equatorial  IGY  observations  coincided  with  the  period  of  maximum  solar  activity 
(sunspot  numbers  from  180  to  200),  while  the  observations  described  here  were  conducted 
during  a  period  of  sunspot  numbers  of  50  to  100,  corresponding  to  moderate  solar  activity. 

The  results  reported  here  may  be  compared  to  the  IGY  results,  keeping  in  mind  certain 
correction  factors  arising  from  differences  in  circuit  parameters  (distance,  antenna  gain, 
transmitter  power). 

•A  cooperative  project  of  the  Aeronomy  Laboratory,  ESSA  Research  Laboratories,  Environmental 
Science  Services  Administration,  Boulder,  Colorado,  and  the  Instituto  Geofisico  del  Peru, 
Lima,  Peru. 
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2.  CHARACTERISTICS  OF  THE  EXPERIMENT 

The  experiment  was  done  in  a  similar  fashion  to  that  of  Cohen  and  Bowles2.  That  experi¬ 
ment,  in  turn,  was  similar  to  that  of  Bailey,  Bateman  and  Kirby1. 

Figure  1  shows  the  location  of  the  transmitting  and  receiving  stations,  the  position  of 
the  magnetic  equator,  and  a  horizontal  projection  of  the  antenna  beams.  The  experimental 
technique  consisted  of  transmitting  a  47.3  MHz  continuous  wave  (CW)  signal  from  Lima 
(12°  02. 6 'W;  77°  02. 5 'S).  recording  at  Juliaca  (15°  29. 5 'S;  70°  08.  i'll)  the  variations  in 
signal  strength  as  well  as  the  fading  rate  of  the  signal.  The  antennas  were  designed  so 
that  the  intersection  of  the  vertical  beams  would  be  at  a  point  100  km  high,  so  that  the 
variations  in  signal  characteristics  could  be  related  to  changes  within  the  ionospheric 
volume  so  defined.  The  transmitted  power  was  of  the  order  of  900  watts.  The  received 
signal  was  passed  through  an  integrator  (having  a  12-second  time  constant)  and  recorded 
on  paper  tape  at  a  speed  of  3  inches  per  hour.  The  same  process  was  used  for  recording 
the  fading  rate  of  the  signal.  The  receiving  system  was  calibrated  daily  with  a  signal 
generator,  and  absolute  values  of  antenna  voltages  were  scaled  from  the  recordings.  Median 
signal  levels  were  determined  (in  decibels  above  1  microvolt)  for  each  15-minute  interval. 
The  signal  levels  are  referred  to  an  antenna  voltage  matched  to  a  resistive  impedance  of 
50  ohms.  Table  I  shows  the  comparative  characteristics  of  the  Lima-Juliaca  circuit  and 
the  Arequipa- Trujillo  (IGY)  circuit. 


3.  INSTRUMENTATION 

3. 1  Antennas. 

Eight-element  Yagi  antennas  were  used,  having  a  gain  of  12  dB  above  a  dipole.  These 
antennas  were  placed  at  a  height  of  11  m  above  the  ground,  in  order  to  obtain  the  desired 
beam  intersection  at  a  height  of  100  km.  During  the  data  reduction,  for  purposes  of  com¬ 
parison,  since  the  reference  Arequipa-Trujillo  circuit  employed  rhombic  antennas  with  18  dB 
gain,  the  Lima-Juliaca  signal  has  been  compensated  by  +  6  dB,  assuming  that  the  nominal  gains 
of  both  kinds  of  antennas  were  always  realized. 

3.2  Transaiitter 

The  transmitter  (designed  by  Harding  and  Whittaker4  was  similar  to  those  used  in  the  NBS 
experiments,  with  an  output  of  3  kW.  The  signal  levels  encountered  were  sufficiently  high 
so  that  the  transmitted  power  was  reduced  to  880  watts.  For  purposes  of  data  analysis  and 
comparison  with  the  circuits  in  former  experiments,  wherein  the  reference  transmitter 
power  was  30  kW,  the  signal  was  compensated  by  +  15.3  dB.  (For  the  Arequipa-Trujillo 
circuit,  the  transmitted  power  was  2  kW,  so  that  in  the  analysis  of  signal  strength  the 
signal  was  compensated  by  12  dB  for  making  comparisons  with  results  over  the  Cedar  Rapids- 
Sterling  circuit.) 

3.3  Receiver. 

A  receiver  (designed  by  the  Ionosphere  Research  Section  of  NBS  (Ref. 5))  was  employed. 

This  receiver  was  designed  lor  flexible  application  to  many  VHF  radio  propagation  experi¬ 
ments.  An  IF  band  width  of  300  Hz  was  selected  for  the  present  application.  The  local 
oscillator  is  very  stable  (5  Hz  per  day  variation  in  50  MHz).  The  receiver  response  to 
the  input  signal  is  logarithmic,  with  a  dynamic  range  of  100  dB.  The  0  dB  reference  level 
used  in  the  analysis  of  signal  strength  is  1  microvolt  on  an  open  circuit,  relative  to  an 
antenna  of  50  ohm  impedance.  The  AGC  voltage  resulting  from  the  signal  received  was 
integrated  (using  a  12-second  time  constant)  and  plotted  as  a  function  of  time.  The  trans¬ 
mission  was  interrupted  for  2  minutes  at  15-minute  intervals,  permitting  the  external 
noise  level  (principally  cosmic  noise)  to  be  recorded.  This  noise  level  is  useful  for 
evaluating  the  operation  of  the  system. 
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3. 4  FADING-RATE  METER. 

A  ''fading-rate"  meter  (originally  developed  for  radio  propagation  experiments  by 
B.  Balsley6),  was  used  in  the  last  stages  of  the  Arequipa-Truj illo  experiment.  This 
instrument  provides  a  continuous  record  of  the  fading  rate  of  radio  signals.  Fading 
rate  is  defined  as  the  number  of  times  per  second  that  the  envelope  of  the  signal 
crosses,  with  a  positive  slope,  the  average  level  of  the  signal.  It  is  designed  to 
function  with  the  received  IF  signal  as  an  input,  and  employs  a  12-second  time  constant 
in  the  AGC  stage.  In  this  experiment,  a  dynamic  range  from  0  to  100  Hz  was  used.  The 
instrument  was  calibrated  each  day  with  a  sinusoidal  reference  signal. 


4.  ANALYSIS  OF  SIGNALS  RECEIVED 

The  recorded  data  on  signal  strengths  and  fading  rates  were  analyzed  as  follows: 


4.  1  Analysis  of  the  Received  Signal  Strength. 

The  signal  strength  records  were  reduced  by  obtaining  median  values  tabulated  in 
decibels  for  each  15-minute  interval.  Noise  levels  were  also  tabulated  at  15-minute 
Intervals.  These  two  tabulations  provided  the  basis  for  a  study  of  signal  strength  and 
signal/noise  ratio. 

4.  2  Analysis  of  the  Fading  Rate  Recordings. 

In  a  similar  fashion,  median  fading-rate  recordings  tabulated  in  Hz  were  scaled  for  each 
15-minute  period.  Such  information  was  not  scaled  from  the  noise  record.  Although  the 
experiment  was  conducted  from  October  1966  through  August  1967,  data  has  been  analyzed  only 
for  the  period  November  1966  through  June  1967.  Records  corresponding  to  the  remaining 
months  are  sporadic,  with  useful  data  being  available  for  less  than  50%  of  each  month.  Data 
for  the  period  analyzed  are  more  than  90%  useful. 


5.  CHARACTERISTICS  OF  THE  RECEIVED  SIGNALS 
5. 1  Signal  Intensity. 

Figure  2(a)  shows  a  typical  record  during  a  quiet  day.  The  highest  signal  levels  occur 
from  08  through  17  hours,  and  remain  at  a  relatively  constant  value  during  that  period. 

The  minimum  intensities  appear  at  0700  and  1930  hours,  approximately.  These  times  are 
interpreted  as  coinciding  with  those  when  the  electrojet  reverses  its  direction  of  flow. 

This  interpretation  results  from  some  radar  studies  by  B.  Balsley7,  who  identified  the 
electrojet  reversal  by  the  frequency  shift  of  the  backscatter  echoes.  He  found  that  the 
electrojet  current  flows  in  a  West  to  East  direction  during  the  daytime,  and  from  East  to 
West  during  night  hours.  The  intensity  of  the  signal  appears  to  depend  upon  the  electron 
drift  velocity  and  the  electron  density. 

The  minimum  signal  levels  in  Figure  2(a)  thus  correspond  to  the  moment  when  the  electron 
drift  velocity  of  the  electrojet  becomes  zero,  just  before  changing  direction.  On  the  same 

record  one  observes  that  after  20  hours  the  signal  level  rises  in  intensity,  reaching  a 
relative  maximum  between  21  and  01  hours.  This  behavior  is  typical,  so  that  on  a  normal 
day  there  are  two  relative  minima,  corresponding  to  the  times  when  the  electrojet  reverses, 
and  two  relative  maxima.  One  relative  maximum  occurs  during  the  uay lime,  and  usually  has 
a  higher  level  than  the  night-  time  relative  maximum. 

Besides  the  change  with  time  in  the  amplitude  of  the  signal,  there  is  also  a  time  varia¬ 
tion  in  the  form  of  the  trace.  Figure  2(a)  is  characterized  by  a  thick  trace  between  08  and 
17  hours,  a  thin  trace  between  17  and  18  hours,  and  a  trace  (referred  to  as  ‘meteoric’ )  with 
rapid  changes  or  spikes  during  the  time  of  reversal  of  the  electrojet.  The  sharp  rises 
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In  signal  level  on  the  meteoric  trace  result  from  ionisation  produced  by  meteors.  One  also 
notes  a  mixture  of  the  various  traces  at  other  hours.  Figure  2(c)  shows  a  typical  recording 
of  the  signal  on  a  disturbed  day.  From  1230  to  1330  hours  the  signal  level  is  very  low; 
this  is  the  result  of  a  sudden  ionospheric  disturbance  (SID).  During  the  SID,  when  the 
signal  level  is  at  a  minimum,  only  the  meteoric  signal  component  is  evident.  Usually,  other 
components  of  the  signal  are  so  strong  that  the  relatively  weak  meteoric  component  is  too 
small  to  be  identified. 

5. 2  Fading  Rate. 

Figure  2(b)  shows  a  fading  rate  recording  during  a  normal  day;  as  can  be  noted  by  com¬ 
parison  with  Figure  2(a),  the  fading  rate  is  low  when  the  signal  level  is  high;  during  the 
period  of  strong  daytime  signals,  the  fading  rate  is  of  the  order  of  20  Hz.  High  fading 
rates  occur  during  the  reversals  of  the  electrojet  flow,  during  which  the  fading  rate  at 
times  approaches  100  Hz.  Figure  2(d)  also  shows  that,  during  the  SID,  when  the  signal  levels 
are  low,  the  fading  rate  increases  to  large  values.  Since  the  measured  fading  rate 
corresponds  to  the  sum  of  signal  plus  noise,  the  fading  rates  obtained  at  low  signal  levels 
result  principally  from  the  noise;  hence  they  can  be  disregarded. 


6.  STATISTICAL  ANALYSIS  OF  THE  SIGNALS  RECEIVED 

6.1  Monthly  Median  Values  of  Signal  Intensity. 

Figure  3  shows  the  monthly  median  values  of  signal  intensity  for  each  of  the  eight  months 
of  data  analyzed.  These  values  of  signal  intensity  which  are  referred  to  dB  above  1  micro¬ 
volt,  have  been  appropriately  compensated  for  purposes  of  comparison  with  the  I GY  results 
obtained  over  the  Arequipa-Truj illo  circuit.  This  +25  dB  compensation  takes  into  account 
differences  in  antennas,  transmitted  power,  and  path  distance.  The  right-hand  scale  of 
ordinates  refers  to  the  signal  attenuation  in  decibels  relative  to  a  signal  propagated  with 
inverse-distance  attenuation.  This  scale  is  useful  for  comparison  purposes,  since  it 
directly  compensates  for  the  several  factors  mentioned  above. 

We  note  that  the  maximum  signal  intensity  is  attained  during  daytime  hours  (08-16),  of 
order  25  to  30  dB  referred  to  1  microvolt  or  of  order  -70  dB  referred  to  inverse-distance 
attenuation.  Wu  also  see  that  there  were  two  relative  minima  each  day,  near  the  times  of 
sunrise  and  sunset.  These  minima  are  interpreted  as  occurring  at  times  when  the  electrojet 
flow  reverses  direction.  Note  that  the  evening  relative  minimum  is  more  pronounced  than 
the  one  in  the  morning.  This  difference  is  attributed  to  the  fact  that,  during  the  morning 
reversal  the  contribution  of  the  ionization  due  to  meteors  is  much  higher  than  during  the 
eveni..,  eversal.  Also  note  that  around  22  hours  there  is  a  rise  (of  order  5  dB)  in  signal 
level. 

6.2  Monthly  Percentiles  of  Signal  Intensity. 

Figure  4  shows  the  values  of  monthly  percentiles  of  signal  strength  for  the  eight  months 
analyzed.  The  percentiles  shown  refer  to  signals  which  are  present  during  10%,  50%  and  90% 
of  the  time.  One  notes  that,  although  the  shapes  of  these  curves  differ  for  the  various 
percentiles,  the  times  of  maxima  and  minima  coincide. 

6.3  Median  Monthly  Values  of  Fading  Rate. 

In  Figure  5  are  shown  the  monthly  median  values  of  fading  rate.  The  fading-rate  minima 
correspond  to  times  of  highest  signal  intensity,  and  are  of  order  20  Hz.  The  fading  rate 
is  a  maximum  near  sunset  and  sunrise,  the  actual  times  (following  Balsley7)  indicating  the 
reversal  of  flow  of  the  electrojet.  The  fading  rate  corresponding  to  signals  during  night¬ 
time  hours  is  of  the  order  of  50  Hz. 
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6.4  Monthly  Percentiles  of  the  Signal-to-Nolse  Ratio. 

Figure  6  shows  percentiles  of  the  slgn&l-to-noise  ratio.  Again,  the  signal  has  been 
compensated  by  the  +25  dB  referred  to  previously.  The  signal-to-noise  ratio  during  daytime 
is  of  the  order  of  52  dB,  and  during  night-time  of  order  35  dB.  We  again  note  the  two 
relative  minima  corresponding  to  periods  of  electrojet  reversal. 

6.5  Monthly  Median  Values  of  Noise  Level. 

Figure  7  shows  the  monthly  median  values  of  noise  level  as  obtained  from  samples  at 
fifteen-minute  intervals  for  the  two-minute  periods  during  which  the  transmitter  was  off 
the  air.  In  this  case,  at  47.3  MHz,  the  noise  arises  mainly  from  cosmic  sources.  As  can 
be  seen  from  the  curves,  the  daily  variation  in  noise  intensity  is  not  regular.  This  would 
be  expected  for  cosmic  noise,  since  from  day  to  day  the  daily  variation  shifts  4  minutes, 
corresponding  to  the  difference  between  the  solar  and  the  sidereal  day.  Also,  the  antenna 
is  not  pointed  toward  the  galactic  plane,  but  is  directed  at  an  angle  of  10  degrees  above 
the  horizon.  Note  that  the  noise  level  never  exceeds  -20  dB,  nor  is  it  ever  lower  than 
about  -27  dB. 


7.  EFFECT  OF  MAGNETIC  STORMS,  SUDDEN  IONOSPHERIC 
DISTURBANCES  AND  SOLAR  ECLIPSES 

The  intensity  of  the  scattered  signal  is  related  to  the  horizontal  component  (H)  of  the 
earth’s  magnetic  field3.  The  H  component  consists  of  two  contributions,  H0  ,  of  internal 
origin,  and  All  ,  of  external  origin  (H  =  Hc  +  AH).  AH  is  the  magnetic  field  generated  by 
the  currents  that  flow  in  the  ionosphere,  the  electrojet  being  the  most  important  of  these. 
Consequently,  AH  is  indicative  of  electrojet  effects  resulting  from  solar  disturbances  and 
other  solar-activity  phenomena. 

Figure  8  shows  the  scattered  signa]  intensity  received  at  Juliaca  on  a  quiet  day,  together 
with  the  record  of  total  magnetic  field  intensity  at  .Jicamarca.  (In  this  case  one  can  con¬ 
sider  the  record  as  being  that  of  H  ,  since  Jicamarca  is  at  the  magnetic  equator.)  The 
maximum  signal  intensity  during  daylight  hours  coincides  with  the  maximum  of  H  ;  between 
15  and  18  hours  there  is  a  slight  hump  in  H  and  a  corresponding  hump  in  signal  intensity. 
This  correlation  disappears  during  night-time;  for  example,  there  is  an  increase  in  signal 
level  at  22  hours  without  any  noticeable  increase  in  the  value  of  H  . 

Figure  9  shows  the  record  of  signal  intensity,  together  with  the  Jicamarca  magnetogram, 
corresponding  to  a  disturbed  day.  During  this  day,  effects  of  both  a  magnetic  storm  and  an 
SID  are  evident;  between  1230  and  1330  hours  there  is  a  sudden  decrease  in  the  magnetic 
field  strength  corresponding  to  an  almost  total  disappearance  of  the  scattered  signal. 

Also,  there  is  often  a  correlation  between  drops  in  signal  level  and  of  H  .  It  has  been 
found3  that  this  correlation  exists  only  over  a  certain  range  of  values  for  H  .  The  limits 
of  this  range  of  H  can  be  described  as  a  threshold  identified  by  Ht  and  a  saturation 
value  Hg  .  The  value  Ht  is  associated  with  the  time  when  the  propagation  by  the  electro¬ 
jet  is  established  at  the  beginning  of  each  morning.  Hg  is  defined  as  the  value  of  H 
above  which  there  is  no  further  variation  of  signal  intensity  with  H  . 

In  general,  variations  of  the  magnetic  field  corresponding  to  a  K-index  higher  than 
7  result  in  the  complete  disappearance  of  the  signal.  For  K-indices  lower  than  5,  during 
daytime  hours,  changes  in  signal  level  are  barely  noticeable. 

Figure  10  shows  the  effect  on  scatter  propagation  of  the  total  solar  eclipse  of  12 
November  1966;  this  eclipse  was  total  at  the  poin*.  of  intersection  (at  a  height  of  100  km) 
of  the  two  antenna  beams,  although  the  region  of  totality  covered  only  part  of  the  scatter¬ 
ing  volume.  In  Figure  10(a)  is  plotted  the  intensity  of  the  signal  on  the  day  of  the 
eclipse,  together  with  the  median  value  of  signal  intensity  as  measured  during  24  control 
days.  Half  the  control  days  preceded  the  eclipse,  the  other  half  followed  it,  and  this 
control  period  permits  an  estimation  of  the  effect  of  the  eclipse  on  the  received  signal 
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Intensity.  It  appears  that  the  signal  Intensity  dropped  some  19  dB  at  the  time  of  the 

eclipse  maximum.  The  graph  also  shows  the  times  during  the  eclipse  (A,  B,  C,  A',  B',  C ' ) 

of  appearance  and  occultatlon  of  some  active  areas  on  the  sun’s  surface. 

Figure  10(a)  also  shows  the  effect  of  the  eclipse  on  the  top  frequency  of  the  sporadic-E 
(foEs),  as  measured  at  Jicamarca.  In  Figure  10(b),  the  scattered  signal  intensity  during 
the  eclipse  day  is  plotted,  along  with  the  H  component  recorded  at  Huancayo  and  the 

difference  between  the  H  measured  ?t  Huancayo  (Dip: 2°)  and  that  measured  at  Bogata, 

Colombia  (Dip'  18°).  This  was  done  (following  Cohen  and  Bowles3)  to  remove  the  internal 
component  of  H  ,  and  thus  to  work  only  with  the  external  component  AH  .  A  more  detailed 
analysis8  of  the  eclipse  effect  on  this  scatter  propagation  has  been  presented,  and  is  being 
prepared  for  publication. 


8.  SEASONAL  VARIATIONS 

Figure  11(a)  shows,  for  certain  times  of  day,  the  values  of  signal  intensity  that  exist 
10%,  50%  and  90%  of  the  time  during  the  eight  months  of  data  analyzed.  Tills  analysis  was 
done  for  midnight  (C000)  and  noon  (1200),  corresponding  to  times  of  relative  maxima,  as  well 
as  for  the  time  intervals  0530-0700  and  1900-2030  hours,  which  correspond  to  the  relative 
minima  associated  with  times  of  reversal  of  flow  of  the  electrojet.  As  can  be  noted  from 
the  graph  for  midnight  (0000),  the  signals  for  each  of  the  percentiles  are  a  minimum  for  the 
March  equinox  (autumn),  maximum  for  the  December  solstice  (summer),  and  approach  another 
peak  during  the  June  solstice  (winter).  No  data  are  available  for  the  September  equinox 
(spring).  The  same  trend  is  noted  in  the  graphs  for  the  morning  minimum  (0530-0700)  and  the 
evening  minimum  (1900-2030).  The  graph  for  the  signal  levels  at  noon  is  completely 
different,  with  no  appreciable  seasonal  change  for  the  10%  and  50%  percentiles.  For  the 
noon  90%  percentile,  the  variation  is  different  from  that  observed  at  other  times,  with  a 
minimum  sig.ial  intensity  in  December  and  no  noticeable  difference  in  signal  intensity  between 
March  and  June. 

Figure  11(b)  shows  the  seasonal  variation  in  the  times  of  occurrence  of  the  morning  and 
evening  reversals  in  direction  of  flow  of  the  electrojet.  Note  that  the  morning  reversal 
takes  place  earliest  during  summer  and  winter,  and  latest  during  autumn;  whereas  the  evening 
reversal  occurs  later  in  summer  than  it  does  in  winter. 


9.  COMPARISON  BETWEEN  DATA  OBTAINED  IN  THE  CIRCUITS 
AREQUIPA-TRUJILLO  AND  LIMA-JULIACA 

As  mentioned  in  the  Introduction  of  this  paper,  one  of  the  principal  objectives  of  the 
experiment  was  to  compare  the  data  obtained  with  the  results  of  the  previous  Arequipa- 
Trujillo  experiment,  which  took  place  during  sunspot  maximum.  This  comparison  was  to  study 
the  influence  of  the  solar  cycle  on  the  performance  of  an  equatorial  VHF  forward  scatter 
circuit.  Figure  12  is  a  graph  of  solar  activity  during  cycles  19  and  20,  and  shows  the 
periods  during  which  the  equatorial  experiments  were  carried  out.  Note  that  the  earlier 
experiment  coincided  with  sunspot  numbers  between  180  and  200,  whereas  the  latter  experiment, 
during  the  early  part  of  cycle  20,  coincided  with  sunspot  numbers  between  50  and  100. 

Figure  13  shows  the  values  of  the  monthly  median  signal  intensity  levels  obtained2  with 
the  Arequipa-Trujillo  circuit  for  comparison  with  those  obtained  with  the  Lima-Juliaca 
circuit.  Figure  14  is  based  on  the  maximum  values  of  signal  intensity  during  daytime  hours 
throughout  the  months  of  operation.  Ore  observes  that  the  signal  intensity  over  the 
Arequipa-Trujillo  circuit  is  somewhat  higher  than  that  for  the  Lima-Juliaca  circuit;  this 
difference  is  approximately  4  dB,  on  the  average.  For  the  night  hours,  and  during  the 
periods  of  electrojet  reversal,  the  values  for  the  Lima-Juliaca  circuit  are  somewhat 
higher.  Considering  that  the  sunspot  numbers  during  the  Arequipa-Trujillo  experiment  were 
appreciably  higher  than  during  the  Lima-Juliaca  experiment,  we  conclude  that  an  equatorial 
VHF  forward  scatter  circuit  is  rather  insensitive  to  solar-cycle  influence. 
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10.  CONCLUSIONS 

(i)  The  daily  variation  of  the  signal  intensity  has  a  maximum  during  daytime  hours, 
order  27  dB  above  1  microvolt.  (This  corresponds  to  -70  dB  when  referred  to  inverse- 
distance  attenuation.)  A  secondary  maximum  of  order  10  dB  occurs  during  night-time  hours. 
(This  corresponds  to  -87  dB  when  referred  to  inverse-distance  attenuation.)  The  minima 
which  occur  in  the  daily  variation  are  at  the  times  of  reversal  of  the  electrojet’s  direc¬ 
tion  of  flow.  The  fading  rate  of  the  signal  is  a  minimum  during  daytime  hours,  of  order 
20  Hz,  increasing  to  50  Hz  at  night-time,  with  relative  maxima  during  the  periods  of 
electrojet  reversal. 

(ii)  Even  during  the  minimum  of  a  sunspot  cycle  and  during  medium  solar  activity,  the 
signal  level  piopagated  by  forward  scatter  at  the  magnetic  equator  is  considerably  higher 
than  at  temperate  latitudes.  The  influence  of  the  solar  cycle  is  very  small. 

(iii)  A  definite  seasonal  variation  has  been  observed,  especially  for  the  night-time 
maximum,  and  for  the  morning  and  evening  minima.  For  the  minima,  the  signal  intensity  is 
lowest  during  the  March  (autumn)  equinox  and  higher  during  the  December  (summer)  and  June 
(winter)  solstices.  Nevertheless,  the  signal  intensity  during  daytime,  which  is  of 
greatest  importance  from  the  point  of  view  of  communications,  does  not  show  an  appreciable 
seasonal  variation  for  the  10  and  50%  percentiles.  For  the  90%  percentile,  there  is  an 
inverse  seasonal  effect,  since  the  minimum  is  during  the  December  (summer)  solstice. 

(iv)  A  seasonal  variation  has  been  observed  for  the  times  when  the  reversals  in  direction 
of  flow  of  the  electrojet  occur.  The  morning  reversal  is  latest  in  March  and  April,  and 
the  evening  reversal  is  latest  during  February. 

(v)  Magnetic  storms  and  sudden  ionospheric  disturbances  sometimes  affect  the  signal  in¬ 
tensity  adversely,  in  contrast  with  performance  at  temperate  latitudes,  where  disturbances 
have  no  appreciable  net  effect  on  the  scattered  signal  intensity. 

(vi)  A  total  solar  eclipse  reduces  the  intensity  of  the  VHF  signals  scattered  by 
irregularities  in  the  equatorial  electrojet. 

(vii)  The  high  daytime  level  of  signal  intensity,  practically  independent  of  solar 
cycle,  suggests  the  possibility  of  exploiting  VHF  scatter  propagation  for  equatorial 
communication  circuits.  Use  of  the  weaker,  faster  fading  night-time  signals  for  tele¬ 
communications  may  also  be  feasible,  at  least  for  telegraphy. 
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TABLE  I 


Lina-Juliaca 

Arequipa-Truj  illo 

Frequency 

47.3  MHz 

49.92  MHz 

Coordinates  of  the  transmitter 
location 

Lima 

12°  02. 6W 

77°  02.  5S 

Arequlpa 

16°  44'  S.  71°52S 

Coordinates  of  the  receiver 
location 

Juliaca 

15°  29.5'  S 

70°  08.1'  W 

Trujillo 

8°  06'  S 

79°  04.5'  W 

Coordinates  of  the  path  midpoint 

13°  46.2  S 

73°  37.2  W 

12°  21.0  S 

79°  04.5  W 

Magnetic  latitude  of  the  path 
mid-point  (dip) 

-0.8° 

+2° 

Path  length  along  earth' s  surface 

838  km 

1230  km 

Antenna  beamwidth  in  the 
horizontal  plane 

38° 

6° 

Antenna  elevation  angle 

10° 

4.7° 

Transmitted  power 

880  watts 

2  kW 

Attenuation  in  decibels  relative 
to  inverse-distance  transmission 

-70  dB 

-94  dB 

Date  of  commencement 

October  1966 

December  1957 

Date  of  termination 

August  1967 

November  1958 

Map  showing  the  experimental  circuit  for  VHP  forward  scatter  propagation  between 

the  cities  of  Lina  and  Juliaca. 
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Fig.  2.  Typical  records  of  signal  intensity  and  fading  rate  for  a  quiet  day  and  for  a 

disturbed  day.  Times  shown  are  75°fl. 
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Fig. 8.  Record  of  the  scattered  signal  intensity  received  at  Juliaca  on  a  quiet  day, 
together  with  the  total  magnetic  field  intensity  recorded  at  Jicamarca. 

Times  shown  are  75°W. 
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ig.9.  Record  of  the  scattered  signal  intensity  received  at  Juliaca  during  a  disturbed  day, 
together  with  the  total  magnetic  field  intensity  recorded  at  Jicamarca. 

Times  shown  are  75°W. 
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Pig. 10.  Effect  of  the  total  solar  eclipse  of  12  November  1966  on  the  scattered  signal 

intensity  and  other  parameters. 
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Fig.  11.  (a)  Seasonal  variation  of  the  scattered  signal  intensity  during  times  of  the 

night-time  and  daytime  relative  maxima  and  during  the  time  intervals 
of  the  morning  and  evening  relative  minima.  Times  shown  are  75°W. 
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Fig.  11.  (b)  Seasonal  variation  of  the  tim^s  of  the  morning  and  evening  reversals  of  the 

electrojet.  Times  shown  are  75°W. 
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SUMMARY 


The  scattering  of  radio  waves  by  a  spherical  electron  cloud  with  a  Gaussian 
distribution  of  electron  density  has  been  treated  numerically  by  ray  optics 
methods.  In  the  case  of  no  magnetic  field,  it  is  found  that  a  hard  or  highly 
overdense  sphere  may  be  replaced  by  a  conducting  sphere  of  radius  equal  to 
the  critical  radius.  This  approximation  is  inaccurate  for  a  soft  or  slightly 
overdense  sphere.  It  is  also  found  that,  in  forward  scatter,  all  spheres 
have  essentially  the  same  cross-section.  The  effect  of  a  magnetic  field  is 
found  to  be  negligible  in  forward  scattering  and  effective  in  backscatter  only 
for  soft  spheres.  The  orientation  of  the  field  is  similarly  impor*  Jit  in 
backscatter  only  for  soft  spheres.  The  extraordinary  ray  yields  a  ross- 
section  generally  typical  of  a  hard  sphere,  provided  the  gyromagnetic  ratio 
is  not  too  small. 


NOTATION 


b  impact  parameter 

c  velocity  of  light 

f  cyclic  frequency 

Hg  earth’ s  magnetic  field 

r  radial  coordinate 

t  time 

x  coordinate  along  direction  of  propagation 

X  ratio  of  plasma  electron  density  to  critical  density 

Y  gyromagnetic  ratio 

z  coordinate  in  magnetic  meridian  plane  normal  to  propagation  direction 

a  angle  between  wave  normal  and  horizontal 

8  scattering  angle 

#p  angle  between  horizontal  and  earth’ s  magnetic  field 

cr  scattering  cross-section 

M  index  of  refraction 

a)  circular  frequency  (=  2^f) 

Subscripts 
cr  critical 

eff  effective 

g  laussian 

L  longitudinal  component 

o  center-point  value 

t  transverse  component 


MICROWAVE  SCATTERING  FROM  SPHERICAL  ELECTRON  CLOUDS 


N.  W.  Rosenberg,  M.M.  Klein  and  G.  Anderson 


1.  INTRODUCTION 

For  the  past  several  years,  the  Air  Force  Cambridge  Research  Laboratories  have  been 
engaged  in  studies  of  the  atmosphere  by  means  of  barium  clouds  released  at  high  altitudes. 
Optical  studies  show  the  development  of  a  spherical  neutral  cloud  during  the  first  few 
seconds  of  the  expansion.  Subsequently,  however,  due  to  the  rapid  diffusion  along  the 
magnetic  field,  the  ion  clouds  formed  from  the  neutral  cloud  becomes  ellipsoidal  in  shape 

with  the  major  axis  aligned  along  the  magnetic  field.  The  growth  of  the  ion  and  neutral 

clouds  in  a  typical  barium  release  is  shown  in  Figure  1.  The  cloud,  which  is  several 

kilometers  in  extent,  is  overdose  to  radar  frequencies  in  the  range  3-30  MHz. 

To  help  in  the  understanding  and  interpretation  of  experimental  data,  we  are  conducting 
a  theoretical  study  of  the  scattering  of  electromagnetic  waves  incident  upon  an  electron 
cloud.  In  view  of  the  small  wavelength  (10-100  meters)  compared  to  the  cloud  size,  the 
method  of  geometrical  optics  may  be  employed.  The  scattering  is  described  in  terms  of  the 
deformation  of  neighbouring  rays  as  they  pass  through  the  electron  cloud.  To  obtain  the  ray 
paths,  we  have  utilized  the  first-order  differential  equations  developed  by  Haselgrove1  for 
ray  propagation  in  the  presence  of  a  magnetic  field.  These  equations  are  particularly  well 
suited  for  solution  by  high  speed  digital  computers.  For  simplicity,  we  shall  assume  the 
cloud  is  spherical  in  shape  and,  as  indicated  by  diffusion  theory,  has  a  Gaussian  distribu¬ 
tion  of  electron  density  in  the  radial  direction.  In  addition,  we  shall,  in  view  of  the 
small  values  of  the  ratio  of  collision  frequency  to  incident  frequency  obtaining  within  the 
cloud,  neglect  absorption  in  our  calculations. 


2.  ANALYSIS 


We  consider  a  ray  initially  a  distance  b  from  the  z  axis  and  deflected  through  an 
angle  Q  as  it  emerges  from  the  cloud  (Figure  2).  The  equations  of  Haselgrove  describing 
the  ray  path  are 

dx  c  /  ~b\±  \ 

-  =  -7  Ut  sin  a  -  —  cos  a  (1) 

dt  3a  / 


dz 

dt 


c  / 

—  fi  cos  a  +  —  sin  a 
M  \  3a 


(2) 


da 

dt 


c  /  B/u 

—  cus  a - sin 

M2  \  Bx 


(3) 


where  fj.  is  the  index  of  refraction,  c  the  velocity  of  light,  and  a  the  angle  the 
wave  normal  makes  with  the  horizontal  at  a  given  point  in  the  cloud.  The  factor  c 
obviously  has  no  effect  upon  the  geometry  of  the  ray  and  may  be  conveniently  absorbed  in 
the  time  factor  t.  The  index  of  refraction  is  given  by  the  Appleton-Hartree  equation2 
which,  for  the  case  of  no  absorption,  has  the  form 
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_ 2X( 1  -  X) _ 

2(  1  -  X)  -  Y*  t  ^[Y“  +  4Y*  (1-X)2]  ' 


(4) 


where  X  =  oj£/  oj!  ,  ojn  and  w  are  the  plasma  and  incident  frequencies,  and  YT  and  YL 
are  the  transverse  and  longitudinal  components  of  the  gyromagnetic  ratio  Y  , 


Yl  =  Y  cos  6>p  . 
YT  =  Y  sin  . 


(5) 


and  i9p  is  the  angle  between  the  direction  of  propagation  and  the  earth’ s  magnetic  field 
He  • 

If  the  incident  rays  are  confined  to  the  magnetic  meridian  plane,  i.e.  ,  the  plane 
containing  the  direction  of  propagation  and  the  direction  of  the  magnetic  field,  then  no 
lateral  deviations  occur.  Outsidi  the  magnetic  meridian  plane,  lateral  deviations  do 
occur,  but  numerical  solutions  indicate  these  deviations  to  be  small3. 


The  electron  density  distribution  within  the  cloud  is  assumed  spherically  symmetric  and 
to  have  the  Gaussian  form 


N 


(6) 


where  rQ  is  the  Gaussian  radius,  N  the  electron  density,  and  the  subscript  zero  refers 
to  the  centerpoint  value.  We  may  write  Equation  (6)  as 


N 


=  ^  =  X  =  exp 
Ncr  7 


<rt.-rK> 

rQ  J 


(7) 


where  the  subscript  cr  refers  to  critical  value.  The  differential  cross-section  cr  for 
neighboring  rays  having  impact  parameters  b  and  b  +  Ab  and  scattered  into  the  angle 
6  with  angular  spread  A9  is  (see  Figure  2) 


477bAb 
A  8  sin  6 


(8) 


The  meridian  angle  does  not  enter  into  Equation (8)  since  we  are  neglecting  lateral 
deviations. 


The  ray  paths  were  obtained  by  numerical  integration  of  the  Hasel  grove  equations  on  an 
IBM  7094  computer,  utilizing  a  Runge-Kutta  technique.  Because  of  the  rapid  change  of 
direction  in  the  turning  point  region,  refined  sub-divisions  had  to  be  employed  here  to 
insure  sufficient  accuracy.  Step  sizes  limited  to  0.  5°,  0,  25°,  and  0.  125°  turning  were 
compared  and  the  asymptotic  solution  for  scatter  angle  was  estimated  by  extrapolation  to 
zero  step  size.  The  calculations  were  made  for  several  values  of  the  critical  radius, 
frequencies  of  3  and  30  MHz  and  several  orientations  of  the  magnetic  field.  The  <  issian 
radius  rQ  was  taken  as  the  unit  of  length  and  the  earth’s  magnetic  field  He  as  0.36 


gauss. 
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3.  RESULTS  AND  DISCUSSION 

3.1  No  Magnetic  Field 

The  variation  of  scattering  cross-section  cr  with  scattering  angle  8  for  the  case 
of  no  magnetic  field  is  presented  in  Figure  3,  where  we  have  plotted  log  reff  against 
scattering  angle  for  several  values  of  rcr  ,  where  rfiff  is  the  radius  of  a  conducting 
sphere  which  has  the  cross-section  a  .  For  the  higher  values  of  the  critical  radius, 
the  effective  radius  is  almost  constant  over  a  fairly  wide  range  of  backward  scattering 
angles.  As  the  critical  radius  decreases,  the  effective  radius  decreases  very  rapidly 
and  the  region  of  constant  effective  radius  becomes  very  small.  Since,  as  the  critical 
radius  decreases,  the  depth  of  penetration  into  the  plasma  increases,  it  is  convenient  to 
use  the  critical  radius  as  a  measure  of  the  “hardness”  of  the  sphere.  Then  our  calculations 
show  that,  except  for  the  region  of  forward  'atter,  a  “hard"  sphere  may  be  replaced  by  a 
conducting  sphere  whose  radius  is  equal  to  the  critical  radius.  Such  an  approximation  is 
indicated  by  our  results  to  be  inaccurate  for  a  “soft”  sphere.  It  is  also  interesting  to 
note  that  the  curves  for  different  critical  radii  approach  each  other  in  the  region  of 
forward  scatter.  This  is  not  surprising  since  here  the  rays  penetrate  only  the  outer 
edge  of  the  sphere,  wnere  the  electron  density  and  its  gradient  are  small  and  do  not  differ 
significantly  for  different  critical  radii.  The  angular  deflection  of  a  ray  in  this  region 
accordingly  depends  principally  upon  its  location  and  very  little  on  the  critical  radius  of 
the  sphere.  Therefore,  all  spheres  will  have  the  same  cross-section  in  the  forward 
direction,  whose  value  will  depend  upon  the  cut-off  radius  where  the  electron  density  is 
considered  to  have  a  negligible  effect  upon  the  index  of  refraction. 

The  relation  between  rgff  and  rcr  may  be  more  explicitly  exhibited  by  normalizing 
rgff  with  respect  to  rcr  .  A  plot  of  reff/rcr  against  scattering  angle  with  rcr  as 
parameter,  in  Figure  4,  shows  the  curves  crossing  each  other  at  a  scattering  angle  of 
about  105°  near  rgff  =  rcr  .  Hence,  in  the  scattering  region  near  105°,  a  conducting 
sphere  of  radius  equal  to  the  critical  radius  is  equivalent  to  our  Gaussian  sphere. 

Since  rgff  decreases  very  rapidly  with  rcr  and  becomes  very  close  to  rcr  for  large 
rcr  ,  it  is  of  interest  to  see  whether  a  simple  exponential  law  may  give  accurately  the 
relation  between  reff  and  rcr  in  backscatter.  A  plot  of  log  (1  -  (reff/rcr))  gainst 
rcr  can  indeed  be  fitted  with  reasonable  accuracy  by  a  straight  line  whose  equation 

j* 

1  -  —  =  exp  (-1.20  rcr)  (9) 

rcr 

is  a  convenient  representation  of  the  data  in  the  backscatter  region.  Although  Equation 
(9)  is  an  empirical  relation,  its  limiting  form  for  small  rcr  , 

reff  =  120rcr'  <1°> 

may  be  derived  directly  from  Equation  (8)  with  the  constant  1.20  replaced  by  unity. 

3.2  Effect  of  a  Magnetic  Field 

The  variation  of  effective  radius  with  scattering  angle  is  shown  in  Figures  5  and  6 
for  the  case  where  the  magnetic  field  is  at  135°  to  the  horizontal  and  for  frequencies  of 
3  MHz  and  30  MHz  respectively.  We  note  that  the  extraordinary  ray  exhibits  a  substantially 
higher  cross-section  in  the  backscatter  region  than  the  corresponding  ordinary  ray.  This 
is  in  agreement  with  the  fact  that  the  extraordinary  ray  has  a  lower  critical  electron 
density  than  the  ordinary  ray,  penetrating  less  deeply  into  the  plasma.  It,  therefore, 
has  the  characteristics  of  a  hard  sphere  with  its  relatively  small  variation  of  cross- 
section  in  the  backscatter  region.  This  result  is,  of  course,  more  pronounced  for  the 
lower  frequency.  Because  of  difficulties  in  calculation,  the  curves  for  the  ordinary  ray 
are  not  complete  in  the  backscatter  region.  The  difficulty  appears  to  be  due  to  the 
lining  up  of  the  ray  with  the  magnetic  field  when  it  starts  to  turn  significantly  in  the 


42-4 


deep  part  of  the  plasma,  In  longitudinal  propagation,  however,  the  index  of  refraction 
stays  substantially  away  from  zero  so  long  as  the  ray  has  not  reached  the  critical  density. 
The  turning  of  the  ray  is  therefore  slowed  down  and  it  becomes  difficult  to  obtain  results 
in  the  backscatter  region,  no  matter  how  small  an  impact  parameter  is  chosen. 

A  comparison  of  the  cross-sections  for  field  and  no-field  cases  is  shown  in  Figure  7, 
where  we  have  plotted  the  results  for  the  extraordinary  ray  and  the  zero-field  case  for 
rcr  =  0.125  and  0.5.  The  effect  of  the  magnetic  field  is  most  pronounced  at  the  lower 
frequency  and  the  smaller  rcr  .  As  the  critical  radius  increases,  the  effect  of  the 
magnetic  field  becomes  very  small  at  rcr  =0.5  for  the  higher  frequency.  In  all  cases,  the 
magnetic  field  has  a  negligible  effect  for  a  considerable  range  of  forward  scattering  angles. 
It  therefore  appears  that,  except  for  frequencies  not  much  higher  than  the  gyromagnetic 
frequency,  the  effect  of  the  magnetic  field  is  negligible  when  the  critical  radius  is  greater 
than  0.  5. 

Calculations  of  the  scattering  cross-section  for  various  directions  of  the  magnetic  field 
indicate  that  the  effect  of  the  field  orientation  becomes  negligible  at  some  value  of  the 
critical  radius  between  0.5  and  1.0.  For  a  frequency  of  30  MHz  the  required  value  is  about 
0.5,  while  for  3  MHz  it  is  close  to  unity.  The  effect  of  the  field  direction  upon  the 
scattering  for  a  very  soft  sphere  is  shown  in  Figure  9,  where  we  have  plotted  the  scattering 
for  the  extraordinary  ray  at  a  frequency  of  30  MHz  and  for  a  critical  radius  of  0.125  against 
for  several  scattering  angles.  The  orientation  is  quite  significant  in  the  backscatter 
region  but  its  effect  decreases  rapidly  and  becomes  negligible  below  about  90°.  In  general, 
the  orientation  of  the  field  is  negligible  for  forward  scattering  in  all  cases  and  is 
significant  in  backscattering  only  for  soft  spheres. 

Some  typical  ray  paths  for  a  critical  radius  of  0.5  and  a  field  orientation  of  135°  are 
shown  in  Figures  10  and  11  for  the  extraordinary  ray  and  in  Figure  12  for  the  ordinary 
ray.  In  Figures  10  and  11,  we  note  the  increased  effect  of  the  magnetic  field  as  the 
incident  frequency  is  decreased  from  00  to  3  MHz,  exhibited  principally  through  the  downward 
bending  of  the  rays  with  small  impact  parameter  and  the  shift  of  the  turning  point  away  from 
the  critical  density  surface  X  =  1  .  Figure  12  shows  the  greater  depth  of  penetration  of 
the  ordinary  ray  and  the  requirement  of  a  very  small  impact  parameter  to  obtain  rays  in  the 
backscatter  region. 
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NEUTRAL  ION 


BA  RELEASES  4  OCT  67 

ION  FILTER  4554A  ±  10A 

NEUT  FILTER  5535A  ±  20A 

LOWER  CLOUD  135  km 

UPPER  CLOUD  225  km 


Fig.  1  Growth  of  neutral  and  ion  clouds  in  a  typical  barium  release 


Fig.  2  Sketch  showing  geometry  of  ray  path  and  magnetic  field 


Scattering  for  no-field  case;  log  reff  plotted  Pig.  4  Scattering  for  no-fieid  case;  log  (reff/rc, 

as  a  function  of  scattering  angle  plotted  as  a  function  of  scattering  angle 
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STOCHASTIC  THEORY  OP  THE  SCATTERING 
OF  ELECTROMAGNETIC  WAVES  PROM 
A  RANDOM  MEDIUM 

by 

C.M.Tchen 

The  City  College  of  the  City  University  of  New  York, 
New  York,  USA 


SUMMARY 


The  wave  propagation  and  scattering  in  a  random  medium  is  studied  by 
means  of  a  wave  equation  which  includes  the  effect  of  a  random  plasma  motion, 
as  well  as  the  presence  of  a  random  density.  The  wave  equation  is  derived 
from  the  coupled  Maxwell  equations  and  hydrodynamic  equations.  The  second- 
degree  differential  equation  of  wave  propagation  is  transformed  into  a 
simple  one-dimensional  model  equation  which  is  solved  exactly.  The  spectrum 
of  the  scattered  power  and  the  spectral  functions  of  density  and  velocity 
are  obtained. 
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STOCHASTIC  THEORY  OF  THE  SCATTERING  OF  ELECTROMAGNETIC 
WAVES  FROM  A  RANDOM  MEDIUM 

C.M.Tchen 


1.  INTRODUCTION 

In  recent  years  the  problem  of  wave  propagation  and  scattering  in  a  random  medium  has 
attracted  much  interest.  The  characteristic  feature  of  the  fundamental  equation  of  propa¬ 
gation  is  the  presence  of  a  stochastic  term,  representing  the  random  refractive  index 
originated  from  the  variable  density  of  the  random  medium.  However,  in  all  those  investi¬ 
gations  the  motion  of  the  plasma  in  the  medium  has  been  assumed  to  present  no  effect  on 
the  scattering,  as  its  inclusion  would  couple  the  Maxwell  equations  to  the  hydrodynamic 
equations,  posing  a  much  more  complex  scheme.  The  stochastic  equation  of  propagation  with¬ 
out  turbulent  motion  was  studied  several  years  ago  by  a  formal  method  of  perturbations1'2. 
Although  the  validity  of  the  method  has  been  investigated  by  comparison  with  the  exact 
solution  of  a  simple  one-dimensional  model  equation3,4,  the  comparison  between  the  equation 
of  propagation  (second-degree  differential  equation)  and  the  model  equation  (first-degree) 
cannot  be  justified. 

The  principle  aim  of  the  present  paper  is  to  include  .he  effect  of  the  plasma  motion, 
together  with  the  presence  of  a  variable  density  of  the  random  medium.  To  this  end,  we 
derive  an  equation  of  propagation  from  the  coupled  Maxwell  equations  and  the  hydrodynamic 
equations.  The  differential  equation  of  second  degree  is  valid  in  a  medium  with  a  moving 
plasma  and  a  random  density.  The  differential  equation  is  solved  by  means  of  an  exact 
method  through  a  transformation  into  a  model  equation,  using  the  assumption  of  local  homo¬ 
geneity. 


2.  EQUATION  OF  PROPAGATION  OF  ELECTROMAGNETIC  WAVES 

WITH  THE  EFFECT  OF  PLASMA  MOTION  AND  VARIABLE  DENSITY 
IN  THE  RANDOM  MEDIUM 

The  basis  of  the  propagation  of  electromagnetic  waves  is  the  system  of  Maxwell  equations  of 
fields,  coupled  to  the  hydrodynamic  equations  for  the  motion  of  electrons.  The  Maxwell 
equations  are 


1  BB 

curl  E  =  - 

c  Bt 

(la) 

uen  BE  477u 

curl  B  =  — ^  —  —  j 

c  Bt  c 

(lb) 

/  u  x  B\ 

j  =  -  eNu  +  cr  F  +  - 

\  C  / 

(lc) 

0  div  E  =  -  4Tre(N -N„) 

(Id) 

divB  =  0  . 

(le) 
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The  hydrodynamic  equations  consist  of  the  equation  of  continuity  and  the  equations  of 
momentum: 


3N  3 

—  +  —  (Nu)  =  0  (2a) 

3t  ox 


3l(Nui)  ^T(NuiuJ) 


j 


(2b) 


The  usual  notation  is  used:  !?  and  B  are  the  electric  and  magnetic  fields,  N  and  u 
are  the  number  density  and  the  velocity  of  electrons,  NQ  is  the  constant  background  number 
density,  and  J*  is  the  electric  current.  Furthermore,  the  constant  properties  are  the 
collision  frequency  v  ,  the  permeability  m  .  the  dielectric  constant  eQ  ,  the  speed  of 
light  c  ,  the  charge  e  and  the  electron  mass  m  ,  The  pressure  is  neglected  in  the 
momentum  equations,  as  the  sound  effect  is  not  considered  in  the  propagation  of  electro¬ 
magnetic  wave. 

We  formulate  curl  curl  if  from  the  first  of  the  Maxwell  equations,  and  substitute  for 
curl  B  from  the  second  equation,  hy  making  use  of  the  momentum  equations,  to  obtain 


1  c2  3t2  c2  3t  BxjBXj  c 


OJ‘ 

= 


4 477 e/^  3 


Nut  + 


(3) 


where 


o>p  -  (477e2N/m)! 


(4) 


is  the  plasma  frequency.  The  right-hand  side  of  the  foregoing  equation  represents  a 
collision  by  molecular  motions  and  a  nonlinear  dissipation  by  turbulence.  The  latter  term 
can  be  approximated  by 


47re/u 


N0  M. 


3u 


1  3x, 


(5) 


neglecting  the  compressibility  effect  there.  According  to  the  mixing  length  concept  of 
turbulence,  the  product  UjUj  can  be  regarded  as  responsible  for  a  turbulent  stress,  and 
hence  a  turbulent  viscosity,  which  may  be  assumed  quasi-stationary  and  quasi-linear.  To 
this  effect,  we  shall  express  ut  of  the  collision  term  and  the  turbulent  dissipation 
term  in  terms  of  Ej  by  mean?  of  a  linearized  momentum  equation.  When  we  assume  that  E 
varies  as  exp  (-  iwt)  ,  neglect  div  Ef  and  terms  in  u  x  B/c  ,  and  take  fj.  -  1  ,  eQ  =  1  , 
Equation  (3)  is  simplified  as  follows: 


G,2 

i  -4 

Cl) 

iv  / 

t  X 

or  \ 

+  72' 

l  - 

- 1 

1  + - — j 

V  u£  / 

_ 

\ 

7. 

w2  i  3E. 

E.  =  J 


c2  u) 


(6) 


where 


wpo  47re2N0/m 


(7) 


In  order  to  simplify  further  the  differential  equation  (6),  we  consider  the  one-dimensional 
representation,  and  neglect  the  ciolecular  collision  and  conductivity  as  compared  to  the 
turbulent  dissipation,  reducing  (6).  to 


K"  +  [l-  2n(x)]E  =  -  2ikQvE' 


(3) 


ss 
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where  the  prime  indicates  a  differentiation  with  respect  to  x  ,  n  is  a  dimensionless 
density  fluctuation 


kQ  is  a  wavenumber 


and 


2n 


4-rre2 
me  2k2 


(N-Nq) 


=  i_L%o 

2  kQoj  c2 


(9) 


(10) 


(ID 


is  a  dimensionless  velocity. 

Equation  (8)  is  the  fundamental  equation  of  wave  propagation,  which  we  shall  use  to 
investigate  the  statistical  behaviour.  The  left-hand  side  has  the  usual  structure  of  wave 
propagation,  with  a  refractive  index  dependent  on  the  random  density.  The  right-hand  side 
represents  the  effect  of  the  plasma  motion  which  causes  a  turbulent  dissipation.  If  the 
plasma  is  supposed  at  rest,  the  right-hand  side  vanishes  and  (8)  reduces  to  the  classical 
equation  of  propagation  of  electromagnetic  waves  in  a  random  medium. 


3.  STATISTICAL  STUDY  OF  THE  WAVE  EQUATION  WITH 
RANDOM  DENSITY  AND  VELOCITY 


The  equation  of  propagation  (8)  can  be  rewritten  in  thf  form 

E"  +  P( x)E '  +  R(x)E  =  0  , 

(12) 

with 

,  P  =  21knv.  R 

C 

1 

(Nl  O 

II 

(13) 

and,  by  a  change  of 

variables 

E  -  Q  exp  1 

J*  dx'P(x')]  , 

(14) 

is  transformed  to 

Q"  +  M2Q 

=  o  , 

(15) 

where 

M2  =  R  -  s 

p2  -  iP'  . 

(16) 

with  its  real  part 

M2  =  R  -  *P2 

=  k2(  1  -  2n  +  v2) 

=  [kQ(l  —  n) ] 2 

+  kp(v2  -n2)  . 

(17) 

An  estimate  of  the 

last  terra  shows  that 

k2/w  Y* 

k2(v2-n2)  -=  !s[_ES 

Ao»y  /N-NoV 

(18) 

4  \koc/ 

\  "  j  V  N0  I 

7  '  7  _ 

1 
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is  negligible,  in  view  of  the  small  value  of  /kQc  for  small  /a;  .  and  of  the 
approximately  comparable  magnitude  of  the  velocity  and  density  fluctuations.  Hence  we 
can  write  an  approximate  value  of  M1  as 

=  k0(l-n)  .  (19) 

If  we  multiply  (15)  by  Q*  ,  where  the  star  denotes  the  complex  conjugate  part,  and 
add  a  similar  complex  conjugate  equation,  we  find 


QQ*"  +  Q*Q"  +  2M2QQ*  =  0 
which,  upon  taking  a  statistical  average,  simplifies  to 

<Q'Q'*>  =  (M2QQ*> 


(20) 


(21) 


if  we  assume  a  locally  homogeneous  medium,  and  therefore 


d2 

dx2 


(22) 


as  is  the  case  with  many  problems  of  diffusion  by  turbulence.  It  is  to  be  remarked  that 
in  the  locally  homogeneous  medium  we  must  keep  the  inequality 


d 

—  <QQ  >  t  0  , 
dx 


(23) 


which  determines  the  wave  attenuation. 

The  same  result  (21)  is  more  easily  obtained  from  the  approximate  equation,  called  the 
model  equation 


Q'  =  iMjQ 


(24) 


Therefore  we  conclude  that,  in  a  statistically  homogeneous  medium  and  for  the  purpose 
concerned,  the  behaviour  of  correlations  contained  in  (15)  can  be  equivalently  investigated 
by  the  simplified  equation  (24),  with  given  by  (19).  The  model  equation  (8)  then 
yields  the  solution 

ik„x  r  tx  , 

Q  -  Ae  0  exp[-ik0  J  dx  n(x  )]  ,  (25) 

which  gives,  following  (14), 

E  =  Ae  0  exp  j-  ik0  J  dx'[n(x')  +  v(x')]|  ,  (26) 

where  A  is  a  constant. 

In  order  to  calculate  the  statistical  average,  we  consider  the  random  variables 

V  =  fX  dx'n(x')  (27) 

*  o 

and 

L  -  [X  dx'v(x')  (28) 

»o 
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to  assume  normal  probability  densities 


PO?) 

l 

exp  (  -V2/2(V2'>) 

S(2v  (T]2) 

q(£) 

1 

exp  (  -  £2/2  (£2) ) 

v/(277  <£?> 

with 


It  follows  that 


(E) 


Ae  0  <exp  {  -  ik0(i7  +  £)}) 

Ae  °X  /  ro  d7?  /  co  exp  ik0(77  +  C)3 


(29) 


(30) 


(31) 


=  Aeik°*  exp  [  —  T k o  <t}2  +£2)]  .  (32) 

We  calculate 

(v2)  = 


We  note  that  the  correlation  (n(x')n(x'  +  £))  depends  on  £  only,  and  is  independent 
of  position,  in  view  of  the  statistical  homogeneity  of  the  medium.  The  correlation 
<n(0)n(^))  has  a  length  scale  l  which  may  be  much  smaller  than  x  .  In  such  a  case 
we  may  approximate 

<n 2>  Z n  =  J  (t  0)n(;f)>  (34) 

and 

(V2)  =  2(n  2)lnx  .  (35) 

Similarly  the  velocity  correlation  has  a  length  scale  l  which  may  also  be  much  smaller 
than  x  .  Then 


f  dx'  f  dx"  (n(x')n(x")) 

Jo  J  0 

2  J*  d‘  J*  dx'  (n(x')n(x'  +  £)) 

2  fXd£  (x-£)  (n(O)n(^))  .  (33) 

Jo 


and 


<v?)  iv 


<v(0)v(£) 


(36) 


<C2)  =  2  <v?Mvx 


(37) 
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On  the  other  hiuul,  If  tin*  correlation  lengths  are  much  longer  than  *  ,  i.e.  near  the 
origin  of  th<*  wave  sorrce,  thou 


0i})  ftJ)x? 

c.1)  (vJ)x? 


(30) 


Upon  substituting  the  results  (3ft,  (37)  and  (38)  Into  (32),  wo  find 


<E)  AolK°*  exp  l-k'((nJWn  +  (v2W y)x] 
lk'* 

-  Ao  .  for  large  x  , 


(39a) 


where 


k '  -  kQ  +  ik  1  ,  k  j  =  k2«n2)in  +  (v2Wy) 


(39b) 


and 


(E>  =  Aelk°X  exp  [-ik2(fo2>  +  (v2))x2] 


(40) 


for  small  x  . 

The  field  fluctuation  can  be  defined  by 

£  =  E  -  <E)  (41) 

and  the  power  of  field  fluctuation  can  be  calculated  on  the  basis  of  (39a)  and  (40)  and 
we  find 

<££*)  =  A?(l  -  e’21*1*)  (42a) 

=  2A2kjX  .  if  kjX  «  1  (42b) 

=  2A2k2(<n2Wn  +  <v2Wy)x  ,  for  x  »  ,  (y  (42b) 

or 

(EE*)  =  2A2k2(<n2>  +  (v2))x2  ,  for  x  «  („  .  iy  .  (42c) 

The  results  (42)  indicate  that  the  wave  which  is  propagated  in  a  turbulent  medium  suffers 
attenuation  along  the  x  direction,  and  is  scattered  and  partly  converted  into  the  energy 
of  the  field  fluctuations,  through  the  correlations  of  density  and  velocity  fluctuations  of 
the  medium.  If  weak,  the  attenuation  (42b)  is  proportional  to  the  density  correlation,  as 
is  well  known  from  the  first  Born  approximation  valid  for  a  plasma  at  rest.  The  result 
(42a)  includes,  in  addition,  the  effect  of  the  velocity  correlation,  and  is  not  restricted 
to  a  weak  attenuation. 


4.  SPECTRUM  OF  THE  SCATTERED  POWER 

The  results  (35)  and  (37)  obtained  under  the  first  Born  approximation  and  the  Gaussian 
distributions  are  identical  to  those  of  the  diffusion  of  electric  fields  by  a  random  walk 
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model.  whore  and  (v2)^  are  the  equivalent  coeffic ionta  >f  diffusion  of  tj 

and  l  In  the  position  space.  Therefore  we  expect  that  the  power  attenuation  (42b) 
calculated  on  this  ba..ls  refers  strictly  to  a  stochastic  proa.u  instead  of  a  turbulent 
ono.  However,  in  this  stochastic  propagation  of  waves,  the  deciy  factor  k,  depends  on 
the  correlation  functions  of  density  and  velocity  fluctuations. 

In  order  to  lllustrato  the  stochastic  nature  of  the  propagation,  we  calculate  the 
coefficient  of  correlation 


R(r)  = 


<E(x)E*(x  4  r)) 
(EE*)  ~ 


-k  ,r 

e  cos  k  r 


whence,  by  means  of  a  Fourier  inversion,  the  spectrum 


H(k)  = 


2T7  +  (k  tk0)? 


^  k.(k+kor? 

277  1  0 


as  k 2  «  (k  +  kQ) 2  .  Here 


J” H(k)  dk  =  j  <HS*)  =  |h( 


For  large  k  ,  the  spectrum  (15b)  reduces  to 


H(k)  =  — 0  k  k" 2 
277  1 


The  k'2  power  law  is  to  be  expected  in  random  processes. 


(43a) 

(43a) 


(43  b) 


(43c) 


5.  SPECTRAL  FUNCTIONS  OF  DENSITY  AND  VELOCITY  FLUCTUATIONS 

The  power  attenuation  (42),  the  correlation  of  electric  field  fluctuations  (43a).  and 
the  spectrum  of  the  scattered  power  (43b)  or  (43c)  all  depend  on  the  turbulent  diffusive 
property,  which  in  turn  depends  on  the  correlation  functions  or  the  spectral  functions  of 
density  and  velocity  fluctuations.  The  diffusive  property  is  characterized  by  the  scale 
length  k"1  .  For  its  determination  we  shall  investigate  the  spectral  functions.  To  this 
end,  we  add  to  the  Navier-Stokes  equations  of  motion  the  following  diffusion  equation  of 
electrons: 

dN  .  t-»2 

—  =  W2N  ,  (44) 

dt 

where  \  is  the  coefficient  of  molecular  diffusion.  By  means  of  the  cascade  method  of 
approximation5,  we  derive  the  equations  of  spectral  functions  F  aand  G  ,  for  velocity 
and  density  fluctuations  respectively,  in  an  equilibrium  turbulence 

O'  +  ^k)R0  =  e  (45) 

=  V 


(K  +  vk)J0 


(46) 


4*i-8 


where  £  tnd  t)  are  the  rates  of  dissipation,  R0  and  J0  are  tne  vortlclty  functlonH 

k  * 

R0(k)  =  2  /  dk  k?F  ,  J  (k>  =  2  j  dk  k20  (47) 

9  0  *  0 


£  -  i>R0  (k  =  te) 


t)  -  \j.(k=cn)  . 


Further 


Is  an  eddy  viscosity. 

We  assume  that  the  electrons  fora  a  dilute  suspension  of  particles  In  a  turbulent  fluid 
which  Is  kept  In  Its  Inertial  regime,  with  t  spectrum 

F  =  .-:2/3  k'5/3  (50) 

found  as  a  solution  of  (45),  in  agreement  with  the  powei  law  of  the  Kolmogoroff  theory6. 
Under  this  turbulent  regime,  the  electron  diffuse*,  giving  a  spectrum  governed  by  (46), 
rewritten  in  the  form 


X  + 


or,  after  differentiation. 


2k  2G  =  - 


(\  +  vfc) 2  dk 


Two  cases  will  be  considered:  (a)  First,  we  consider  the  case  of  the  diffusion  of 
electrons  in  an  inertial  regime  of  the  turbulent  fluid,  occuring  when  K  »  v  ,  and 
\  »  .  The  solution  of  (52)  is 

V£l/3 

G  =  —  k’13/3  .  ( 


(b)  Second,  we  consider  the  equipartition  between  the  velocity  and  density  spectra,  with 
K  ~  v  ,  7]  ~  €  .  Then  the  solution  of  (46)  in  the  inertial  range  is 

G  =  r)€~l/3  k‘5/3  .  (53h) 

having  the  power  of  the  Kolmogoroff  law.  The  results  (50)  and  (53)  are  written  with 
unspecified  numerical  constants. 

It  is  to  be  remarked  that  a  spectral  function  can  be  written  as  the  Fourier  transform 
in  the  k-space  of  the  correlation  function  (n 2)  in  or  (v2)lv  ,  which,  however,  can  be 
approximated  by  F  and  G  respectively,  if  kin  «  1  and  k lv  «  1  .  Under  such 
circumstances,  we  have 


kx  =  kg  [(n2)  la  +  (v2)  Zy] 
*  k2[aF(k)  +/5G(k)] 


(54) 
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reducing  (42b)  to 


H(k) 


1 

2w 


(aF  +  ftO) 


(55) 


Hero  a  and  ft  are  the  coefficients  relating  the  dimensional  and  dimensionless  density 
and  velocity,  respectively, 


a  - 


ft  = 


2k0^ 


4. 


(58) 


The  formula  (55)  indicates  that  the  scattering  spectrum  reproduces  the  velocity  and 
the  density  spectra  F  and  G  .  In  practice,  since  the  electrons  diffuse  passively  in  the 
turbulent  fluid  without  being  able  to  maintain  an  inertial  regime  with  a  large  Reynolds 
number,  the  case  (a)  with  the  spectrum  (53a)  is  generally  found,  contrarlly  to  the 
customary  assumption  of  a  Kolmogoroff  power  law  for  the  density  spectrum.  The  formula 
(43c)  and  (55)  are  the  two  special  cases  of  (43b).  The  former  refers  to  a  random  medium 
with  fine  grain  (k  »  kfl)  ,  reducing  (43a),  to 

R(r)  =  e‘“ir  .  (57) 

a  correlation  belonging  to  a  random  walk  process.  The  latter,  formula  (55),  refers  to  a 
coarse  grain  mediun  (k  «  k0)  ,  so  that  the  scattering  spectrum  H(k)  measures  directly 
the  spectra  of  density  and  velocity  fluctuations. 
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DISCUSSION  ON  THK  PAPKRfl  PRESENTED  IN  SESSION  V  t  VHF  FORWARD  SCATTER ) . 


Dt scutiion  on  taper  3ft,  "Review  of  VHF  forward  scatter”,  by  R.C. Kirby. 


Mr  W.O. Burrow*:  Whilst  I  appreciate,  Mr  Kirby.,  that  no  quantitative  Information  la  ob¬ 
tainable  from  the  fi.m  recording  of  bean  distdrtion* versus  tine  shown  In  your  Figure  1, 
they  are  of  considerable  Interest  to  me.  Would  you  therefore  elaborate  on  the  essential 
details  of  the  system  employed  to  obtain  these  results7 

Mr  R. C. Kirby:  A  CW  transmitter  Illuminated  the  scattering  volume  with  a  narrow  beam 
antenna  (6°)  near  40  MHz,  and  a  second  transmitter  at  a  closely  adjacent  frequency  Illumin¬ 
ated  the  scattering  volume  with  a  broad  bean  (55°)  antenna.  At  the  receiver,  a  1°  beam 
scanned  i25°  of  azimuth  about  the  path  midpoint,  at  20  scans  per  second.  The  films 
represent  integration  of  several  minutes  of  scanning,  amplitude  versus  azimuth  -  the  upper 
half  of  each  frame  scans  the  narrow  bean  Illumination,  the  lower  half  scans  the  broad  beam 
illumination.  The  1°  scanning  bean  was  formed  by  25  broadside  Yagl  antennas  with  electronic 
phase  shifting. 


Discussion  on  Paper  40 ,  " Controllability  aspects  of  scatter  propagation  of  radio  waves", 
by  H.  Z.v. Krzywoblocki . 

Dr  A.Wasiljeff:  Professor  v  Krzywoblocki,  do  you  use  calculus  of  variations  or  direct 
methods  (like  the  method  of  steepest  descent)  to  obtain  the  optimum  on  the  computer? 

Professor  M.  Z.  v.  Krzywoblocki :  All  possible  methods  are  used;  calculus  of  variations, 
Pontryagin’ s  principle.  Bellman's  programming,  steepest  descent,  various  algorltms  were 
proposed,  etc. 

Discussion  on  Paper  41,  "VHF  ionospheric  scatter  propagation  by  the  equatorial  electrojet", 
by  C. A. Romero,  A.A.Giesecke  and  0. Perez  (presented  by  R. Cohen). 

Dr  K. Davies:  Dr  Cohen,  what  causes  the  seasonal  variations  in  time  of  occurrence  of  the 
morning  and  evening  minima  of  signal  strength? 

Dr  R. Cohen:  According  to  the  interpretation  of  Dr.Balsley,  the  signal  strength  scattered 
by  weak  irregularities  in  the  equatorial  electrojet  is  a  measure  of  the  absolute  value  of 
the  electron  drift  velocity,  and  hence  of  the  absolute  value  of  the  East-West  electric  field. 
The  morning  and  evening  minima  in  signal  strength  thus  are  manifestations  of  the  fact  that 
the  electric  field  is  near  zero,  i.e.,  that  the  electric  field  is  reversing.  This  electric 
field  is  really  the  “S  ■ ,  or  dynamo  field,  and  results  from  winds  of  the  neutral  atmosphere. 
The  seasonal  variations  in  times  of  occurrence  of  the  field  reversal  thus  depend  on  the 
sources  of  these  winds,  which  can  be  tidal  and/or  zonal  in  origin.  Also,  seasonal  variations 
in  ionospheric  conductivity  need  to  be  taken  into  account. 


Discussion  on  Paper  h3,  "Stochastic  theory  of  the  multiple  scattering  of  electromagnetic 
waves  from  a  turbulent  plasma",  by  C.M.Tchen. 

Professor  M.Z.v.  Krzywoblocki:  There  was  in  the  past  an  attempt  to  generalize  Kilmogorov’ s 
theory  of  turbulence  to  compressible  fluids,  where  there  were  derived  formulas  for  the 
velocity,  density  and  temperature. 

Professor  C. M.Tchen:  In  order  to  get  down  to  solutions  giving  the  various  spectral  func¬ 
tions,  as  an  extension  of  the  Kolmogorov  theory,  one  has  to  resort  to  empirical  methods 
(e.g. ,  mixing  lengths,  dimensional  and  similitude  considerations,  Heisenberg’s  hypothesis 
of  eddy  viscosities)  which  become  arbitrary  and  diffuse  when  the  number  of  variables  in- 
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creases.  I  have  *1  no  attempted  an  extension  using  a  "cascade  approximation  mothod" 

(C.M.  Tchen,  A  Catcatie  Theory  of  Turbulence,  Proceedings  of  the  Symposium  on  Advanced 
Problems  in  Fluid  Mechanics,  Tarda,  Poland,  1967,  Fluid  Mechanics  Transactions).  However, 
the  problem  encountered  in  the  present  paper  is  much  simpler.  I  treated  the  eloctronB  as 
a  dilute  suspension  of  particles  in  a  neutral  incompressible  fluid.  Therefore  my  spoctral 
theory  is  based  on  an  incompressible  diffusion  equation  for  electrons,  and  the  Navler-Stokes 
aquations  for  the  incompressible  fluid.  These  enabled  me  to  find  a  particular  solution  of 
the  density  spectrum  of  electrons  an  different  from  the  Kolmogorov  law,  when  the  diffusion 
coefficient  Is  larger  than  the  kinematic  viscosity,  as  in  the  case  with  electrons  at  a 
higher  temperature  than  the  neutral  fluid.  Therefore  the  theory  cannot  be  considered  as 
a  theory  of  compressible  turbulence.  But  it  serves  as  a  step  towards  that  direction, 
because  the  compressible  turbulence  is  based  on  the  Riemann  system  of  equations,  somewhat 
similar  to  those  used  in  the  present  paper. 

Dr  k. Cohen:  Perhaps  Professors  Hochstlm  and  Tchen  could  explain  why  a  multloie  scattering 
approach  is  pertinent  to  scatter  propagation  in  the  ionosphere,  or  even  in  the  troposphere. 
Somehow,  the  theoretical  approaches  using  Bom’s  first  approximation  have  worked  all  right 
up  to  now,  as  far  as  we  know,  and  there  is  no  reason  to  suspect  that  other  than  single 
scattering  is  occurring. 

Dr  A.R. Hochstlm:  Multiple  scattering  should  be  Important  when  the  first  Bom  approximation 
Is  not  valid.  The  detailed  criteria  for  the  validity  of  the  first  Bom  approximation  were 
given  by  Salpeter  and  Treiman  (Journal  of  Geophysical  Research,  Vol.69,  1964,  p.869)  and 
we  have  numerically  confirmed  their  results.  The  multiple  scattering  may  be  Important  for 
frequencies  near  the  plasma  frequency  and  for  large  fluctuations  in  the  electron  density. 
Furthermore,  the  effect  may  be  more  significant  for  phase  shifts  and  depolarization  than 
for  backscattering  power. 

Professor  C.M. Tchen:  My  calculations  (formula  (ha)  of  Paper  3)  show  that  the  Born 
approximation  is  not  valid  when  the  parameter  k0L  ceases  to  be  small.  Here  kQ  has  been 
defined  as  the  wavenumber  of  the  scattered  wave,  and  L  is  the  turbulent  scale  defined 
in  the  paper.  This  factor  increases  with  increasing  plasma  density,  with  intensity  of 
turbulent  fluctuations,  and  when  the  frequency  of  the  incident  wave  approaches  the  plasma 
frequency  of  the  medium. 

Dr  A.  Wasiljeff:  The  Krassilnikov-Norton-autocorrelation  functions  of  the  dielectric  con¬ 
stant  are  used  in  tropospheric  scatter  theories  because  of  the  Oboukhov-Kolmogorov  law 
of  the  corresponding  spectrum.  If  Professor  Tchen  is  right,  there  is  no  physical  justi¬ 
fication  for  using  these  correlation  functions. 

Professor  C.M. Tchen:  It  is  a  paradox  in  the  classical  theory  of  the  scattering  spectrum 
(or  correlation  function)  that  one  neglects  the  fluid  motion  and  confines  oneself  to 
density  fluctuations  on  the  one  hand,  and  on  the  other  hand  one  imposes  on  this  density 
spectrum  the  Oboukhov-Kolmogorov  law,  which  was  derived  and  is  valid  for  the  velocity 
fluctuations  only.  In  order  to  lift  this  paradox,  I  have  extended  the  Kolmogorov  theory 
to  include  the  density  fluctuations  of  suspended  electrons  diffusing  in  a  neutral  fluid, 
and  I  have  found  that  the  density  spectrum  is  in  general  different  from  the  Kolmogorov 
law.  The  empirical  law  of  Booker-Gordon,  based  on  the  random  walk  type  of  stochastic  pro¬ 
cess  with  a  random  variable  unspecified  by  hydrodynamics,  seems  more  acceptable  in 
principle.  Its  k'“  law  is  also  closer  to  my  density  spectrum  k'13/3  . 
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An  ex>unination  Is  made  cf  both  published  and  unpublished  literature 
concerning  VHF  propagation  over  transequatorlal  paths.  At  least  two  classes 
of  propagation  appear  to  exist;  their  demarcation  is  given  in  terms  of  the 
possible  reflection  mechanism,  the  signal  characteristics,  and  the  distance 
of  the  terminals  from  the  magnetic  equator.  Propagation  of  one  class  uses 
refraction  from  the  horizontal  gradients  of  electron  density  that  are  regular 
diurnal  characteristics  of  the  equatorial  ionosphere.  A  second  class  is 
required  to  explain  the  propagation  of  frequencies  above  about  60MHz.  This 
class  is  characteristic  of  4000-  to  6000-km  paths  and  is  due  to  both  normal 
refraction  and  a  low-loss  reflection  mechanism  that  is  not  yet  completely 
defined.  Signal  characteristics  for  this  second  class  of  propagation  are 
documented,  and  three  possible  mechanisms  are  discussed. 
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A  REVIEW  OF  VHF  TRANSEQUATORIAL  PROPAGATION 

H.  L.  Nielson 


1.  DEFINITION 

In  the  following  discussion  transequator lal  propagation  Is  defined  an  the  category  of 
Ionospheric  propagation  over  a  path  that  is  more  or  less  bisected  by  the  magnetic  equator, 
using  frequencies  that  are  substantially  larger  than  these  used  in  conventional  short¬ 
wave  ratio.  This  definition  requires  that  the  propagation  of  these  high  frequencies 
must  critically  depend  upon  the  fransequatorial  ionosphere,  thus  excluding  many  iow- 
latitude  transmissions  whose  basic  frequency  support  or  signal  strength  1b  not  unusual. 

(In  that  sense  this  paper  is  not  a  review  of  equatorial  propagation. )  Notice  that  this 
definition  does  not  specify  the  reflection  mechanism;  indeed  in  some  instances  this 
mechanism  is  not  yet  understood.  But,  after  a  full  solar  cycle  of  intermittent  investiga¬ 
tions,  several  characteristics  of  this  propagation  have  become  rather  clear,  and  in  this 
paper  a  working  hypothesis  for  two  types  of  VHF  transequatorial  propagation  is  proposed. 
For  each  type,  tne  signal  characteristics  are  reviewee,  and  the  possible  reflection 
mechanisms  are  examined.  To  the  extent  that  the  author  injects  some  of  his  own  ideas 
and  calculations,  this  is  not  a  review  paper  in  the  strict  sense.  But  let  us  begin  with 
a  general  review  of  the  subject,  and  outline  in  broad  terms  the  nature  of  this  type  of 
propagation  in  the  context  of  experimental  observations. 


2.  BACKGROUND 

The  first  mention  of  transequatorial  propagation  appeared  in  reports  from  radio  amateurs 
who  described  unusually  long-range  contacts  at  VHF  (Refs.  1-4).  These  contacts  occurred 
in  the  late  evening  and  were  most  prevalent  during  the  equinoctial  months.  Southworth 
assembled  a  comprehensive  review  of  the  reporting  of  transequatorial  propagation  by  radio 
amateurs  through  1959  (Ref. 5),  but  many  amateurs  have  carried  on  an  active  interest  to 
the  present.  »  Some  of  the  most  consistent  and  comprehensive  monitoring  has  been  conducted 
by  Kingan6.  His  observations  of  Hawaiian  television  stations  over  a  two-year  period, 
while  suffering  from  the  problem  of  station  shut-down  about  midnight,  still  offer  the  best 
evidence  of  the  seasonal  dependence  and  rate  of  occurrence  collected  to  date.  The  results 
shown  in  Figures  1  and  2  are  calculated  from  his  data.  The  various  amateur  accounts 
correctly  identified  the  equinoctial  dependence  of  transequatorial  propagation,  as  well 
as  two  types  of  such  propagation:  one  characterized  by  slow  fading  rates  and  occurring 
from  late  afternoon  to  early  evening,  and  a  second  suffering  very  rapid  fades  and  being 
strictly  nocturnal. 

Observations  of  transequatorial  propagation  have  been  made  on  all  the  continents,  but 
principally  they  have  involved  southern  hemisphere  monitoring  of  northern  hemisphere 
transmitters.  Obviously  available  to  the  listeners,  in  addition  to  amateur  transmitters, 
have  been  the  powerful  television  and  FM  radio  broadcast  stations  that  appeared  during 
the  1950’ s.  In  late  1956,  fixed- frequency  (46-MHz)  backscatter  equipment  was  operated  by 
Stanford  University  from  a  site  in  the  Virgin  Islands.  Unusually  long-range  backscatter 
echoes  observed  there  by  Villard  et  al.  7  prompted  their  suggestion  of  ionosphere-to- 
ionosphere  (F2F2)  reflections  from  the  large  horizontal  gradients  of  the  equatorial 
anomaly.  This  suggestion  has  received  much  support  (and  correctly  so)  for  one  class  of 
transequatorial  propagation. 
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Observations  of  similar  long-range  backscatter  echoes  on  21  MHz  in  Japan  led  Obayahsi 
to  postulate  an  exospheric  field-guided  mode  of  HF  and  VHF  propagation  wherein  the  radio 
wave  becomes  trapped  between  field-aligned  irregularities8.  High  signal  strengths  and 
severe  fading  were  characteristics  of  these  returns.  Obayashi's  hypothesis  was  later 
tested  by  Dueno  on  40  MHz,  with  negative  results9.  Similar  attempts  to  observe  exospheric 
ducting  at  HF  have  met  with  limited  success10,11. 

The  I  GY  program  conducted  in  South  America  by  the  US  National  Bureau  of  Standards  (now 
the  Environmental  Science  Services  Administration)  established  a  number  of  50-MHz 
ionospheric  scatter  links  in  the  vicinity  of  the  magnetic  equator 12‘  lu.  While  most  of 
the  work  there  centered  around  E-region  scatter,  one  2600-km  path  was  suitably  situated 
for  F-region  scatter  in  the  vicinity  of  the  magnetic  equator.  Although  some  signal 
enhancements  were  observed  between  sunset  and  midnight,  there  was  still  a  substantial 
reflection  loss  -  a  loss  that  was  not  characteristic  of  other  longer-range  transequatorial 
circuits.  A  similar  but  non*ransequatorial  case  of  F-region  scatter  with  enhanced  signal 
strength  was  observed  with  similar  equipment  in  the  Far  East18, 16. 

Meanwhile,  attention  was  being  directed  to  the  specific  subject  of  transequatorial 
propagation.  In  Australia17,  18  interest  centered  mainly  in  monitoring  Korean,  Russian, 
and  Japanese  television  and  FM  stations.  Afternoon  and  evening  peaks  in  occurrence,  as 
well  as  equinoctial  dependence,  were  observed.  In  1962  Washburn  et  al.19  conducted  a 
multi  frequency  (30  to  75  MHz)  experiment  between  Panama  and  Chile  (magnetic  conjugates) 
and  observed  unusually  large  signal  strengths  relative  to  scatter,  as  well  as  both  the 
rapid  and  the  bIiw  fading  characteristics  mentioned  earlier. 

Further  investigations  were  conducted  in  the  mid-Pacific  and  the  Far  East.  An  oblique- 
incidence  sounder  circuit  operating  between  Kauai  and  Rarotonga  during  the  summer  of  1962 
showed  a  remarkable  regularity  of  VHF  propagation  up  to  64  MHz  (Ref. 20).  These  terminals 
are  both  magnetic  and  geographic  conjugates  and  a  rate  of  occurrence  unequaled  before  or 
since  was  observed.  These  VHF  sounder  observations  were  also  rather  unique  in  that  the 
VHF  propagation  continued  throughout  the  night  (like  spread  F)  instead  of  normally  ceasing 
about  midnight.  In  a  recent  investigation,  Bowen  et  al.21  used  multiple-frequency  (34, 

45.  54,  and  77  MHz)  CW  transmissions  on  two  conjugate  paths  in  the  Far  East  to  acquire 
more  detailed  signal  characteristics  and  to  test  the  aspect  sensitivity  of  the  propagation 
path  to  the  magnetic  equator.  On  a  north-south  path  between  Okinawa  and  Darwin,  all  the 
transmitted  frequencies  were  observed,  whereas  the  path  from  Okinawa  to  the  Fiji  Islands 
rarely  carried  frequencies  higher  than  45  MHz.  Both  rapid  and  slow  fading  signals  were 
observed  at  each  location,  however.  Bowen  et  al.  suggested  that  80  MHz  may  be  an  upper 
frequency  limit  and  that  the  higher- frequency  rapid-fade  signals  are  due  to  a  "field- 
guided"  ray  path.  A  year-long  experiment  at  32,  48,  and  72  MHz  between  Darwin  and 
Yamagawa  was  reported  in  the  Japanese  literature22.  As  might  be  expected,  the  presence 
of  the  32-MHz  signal  correlated  well  with  adequate  f0F2  vaules  (>8  MHz)  at  Manila.  The 
higher- frequency  data  did  not,  however,  correlate  well  with  the  presence  of  spread  F 
at  Manila.  Signal  strengths  were  often  at  free-space  values  during  the  equinoctial 
months,  even  at  72  MHz.  The  occurrence  data  for  48  and  74  MHz  agree  well  with  the  data 
of  Kingan  shown  in  Figure  1.  A  recent  experiment  conducted  by  the  author  on  the 
Rarotonga-Oahu  pain  used  pulse  and  CW  signals  to  reveal  the  origin  of  transequatorial 
propagation.  Doppler  spectra  indicated  that  frequencies  up  to  at  least  90  MHz  could  be 
reflected  from  large  moving  irregularities  in  the  equatorial  F  region23.  Few  reviews 
of  transequatorial  propagation  have  appeared  in  the  literature;  one  such  article  is  by 
McCue  and  Fyfe29. 

From  the  above  summary  of  observations,  it  is  difficult  to  postulate  a  single  self- 
consistent  reflection  mechanism.  Yet  the  criterion  for  forming  a  given  class  of 
propagation  should  be  the  basic  reflection  mechanism  from  which  the  wave  receives  its 
frequency  support.  The  traditional  classification  by  fading  rate,  when  used  alone,  is 
without  merit,  since  any  HF/VHF  frequency  traversing  the  ionosphere  under  spread-F 
conditions  will  be  likely  to  acquire  an  appreciable  scatter-like  component.  Certainly 
there  are  two  classes  of  signal  characteristics,  but.  more  important,  there  may  be  two 
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entirely  different  reflection  mechanisms,  not  necessarily  corresponding  to  the  two  signal 
classes.  One  is  fairly  conventional  ionospheric  refraction  from  the  pronounced  horizontal 
gradients  of  electron  density  near  the  magnetic  equator.  Unfortunately,  there  is  still 
no  genuine  understanding  of  the  second  reflection  mechanism  -  low-loss  and  scatter-like 
-  that  characterizes  many  transequatorial  observations.  In  Figure  3  these  two  classes  are 
shown  geometrically  related  to  the  equatorial  phenomena  that  are  important  in  their 
demarcation  As  mentioned  at  the  outset,  low-latitude  paths  whose  transmission  character¬ 
istics  do  not  appear  to  be  abnormal  are  not  included  in  this  review  other  than  for 
comparison  purposes.  This  excludes  E-  and  F-region  scatter  circuits  within  about  1500  km 
of  the  magnetic  equator. 

To  compensate  for  the  incomplete  knowledge  of  the  specific  mechanisms  involved,  there 
is  some  merit  in  a  subordinate  categorization  of  paths  based  upon  the  distance  of  their 
terminals  from  the  dip  equator:  a  group  of  longer  paths  whose  propagation  must  depend  on 
more  or  less  normal  ionospheric  F-region  refraction  and  relatively  few  ray  paths,  and  a 
group  of  intermediate-length  paths  whose  propagation  may  additionally  involve  a  scatter¬ 
like  reflection  or  guidance  mechanism  capable  of  low  reflection  loss.  In  either  case, 
signal  levels  may  approach  free- space  values. 


3.  CLASS  I  -  REFRACTION  AS  THE  PRINCIPAL 

TRANSEQUATORIAL  PROPAGATION  MECHANISM 

3.  1  General 

For  this  class  of  propagation,  irregularities  in  the  vicinity  of  the  equator  are 
excluded  as  the  principal  mechanism  for  reflection  (including  scatter  or  guiding)  Since 
refraction  is  the  principal  mechanism,  signals  in  this  class  not  only  have  a  large 
coherent  component  in  the  absence  of  irregularities  but  also  maintain  large  signal  levels 
in  the  presence  of  irregularities,  since  the  reflection  is,  in  the  main,  total.  Because 
the  night-time  equatorial-F  region  is  usually  composed  of  irregularities,  definition  of 
meaningful  geographic  boundaries  for  this  type  of  propagation  is  difficult.  One  might 
begin  by  placing  the  terminals  sufficiently  far  apart  that  their  horizon  rays  intersect 
at  altitudes  greater  than  about  700  km.  These  limits  place  the  terminals  above  about 
±27°  magnetic  latitude  (about  3000  km  from  the  dip  equator). 

Perhaps  a  better  way  of  defining  the  above  boundary  is  to  say  that  VHF  signals  of  this 

class  must  rely  upon  the  equatorial  anomaly25"30.  The  anomaly  is  the  nonuniform  electron 

density  distribution  that  occurs  in  the  vicinity  of  the  magnetic  eqrator.  (Having 
received  considerable  attention  in  the  post- Alouette  satellite  time  period,  this  phenomenon 
may  be  losing  its  classification  as  anomalous31.  The  rise  of  the  equatorial  F  region 
associated  with  this  anomaly  is  now  generally  believed  to  be  due  to  electrodynamic  drift. 

This  drift,  together  with  diffusion  along  the  magnetic  field  lines,  produces  the  F-region 

ionization  density  depletion  over  the  magnetic  equator  and  the  simultaneous  ionization 
density  increase  from  ±10  to  ±20°  magnetic  latitude.  It  is  in  these  regions  of  increase 
that  the  earth’ s  highest  normal  values  of  ionospheric  electron  density  are  found.  The 
ionospheric  predictions  from  the  US  Institute  for  Telecommunication  Sciences  (ITS),  now 
based  upon  a  modified  magnetic  dip  angle,  clearly  illustrate  this  redistribution.  Using 
the  ITS  estimates,  one  may  predict  the  likelihood  of  such  propagation  over  a  given  path. 

If  the  anomaly  is  critical  to  this  class  of  propagation,  then  observations  and  predictions 
should  indicate  that  such  propagation  occurs  in  the  late  afternoon  as  well  as  the  early 
evening.  This  is  the  case  for  the  longer  paths'’9,  17,33. 

Many  authors7, 12, 24>  28,30  have  suggested  that  the  F2F2  mode  is  responsible  for  most  of 
the  above-30-MHz  propagation.  Gibson-Wilde2 8  attempted  to  relate  the  equinoctial 
prominences  to  the  shape  of  the  equatorial  anomaly.  He  commented  specifically  upon  the 
relationship  between  the  latitude  separation  in  the  electron  density  peaks  and  the 
possibility  of  the  F2F2  mode.  It  is  unfortunate  that  most  experiments  have  not  had  access 
to  transequatorial  electron  density  profiles,  so  that  ray-tracing  studies  could  verify 
the  highest  propagating  frequencies.  One  limited  attempt  was  made  by  the  author'0. 
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3.2  Virtual  Geometry  for  Magnetically  Symmetric  Ionosphere 
and  Propagation  Path 

Pvough  estimates  of  the  required  ionospheric  tilts,  the  height  and  location  of  the 
virtual  reflection,  and  the  resulting  secant  factor  may  be  obtained  by  using  the  virtual 
ray  path  illustrated  in  Figure  4.  A  north- south  path  that  is  symmetric  about  the  dip 
equator  is  assumed,  a  case  that  may  be  justifiable  only  near  the  equinox.  Simple  geometry 
sets  the  following  conditions: 


cos  (Pn  +  2a)  =  -  cos  A 

p  R  +  h 

e  -  2(6>p  +  a)  -  A 

sec  ^eff  =  csc  +  a)  ■ 


where 

= 

latitude  of  the  virtual  reflection 

e  = 

latitude  of  the  terminal 

a  = 

tilt  angle 

h  = 

virtual  height  of  reflection 

A  = 

angle  of  departure 

sec  0eff  = 

secant  factor. 

These  conditions  are  shown  graphically  in  Figure  5  where,  to  limit  the  variables 
involved,  we  set  A  =  0°  ,  thereby  obtaining  the  maximum  secant  factors.  (For  a  more 
reasonable  take-off  angle  of  4°,  the  results  of  Figure  5  change  as  follows:  Pp  increases 
about  0.5°;  the  secant  factor  decreases  1  to  10%;  and  6  ,  the  latitude  of  the  terminal, 
decreases  by  about  3°. )  The  necessary  combination  of  virtual  height,  tilt  angle,  and 
latitude  of  reflection  is  shown  in  Figure  5(a).  The  latitudes  of  the  terminals  shown  in 
Figure  5(b)  give  path  lengths  of  from  5000  to  9000  km,  using  reasonable  virtual  reflection 
heights  of  from  370  to  520  km.  The  secant  factor  and  height  of  the  ray  at  perigee  are 
given  in  Figures  5(c)  and  (d),  respectively.  Estimates  of  h  ,  a  ,  and  P  may  be 
found  from  either  predictions  or  observations26'34.  For  example,  if  we  assume  the 
latitude  of  the  virtual  reflection  point  to  be  near  the  latitude  of  the  electron  density 
peaks  of  the  equatorial  anomaly,  then  the  March  1967  ITS  predictions  given  in  Table  I 
may  be  of  use.  (See  also  Reference  26. ) 

To  illustrate,  if  8  is  taken  as  12°,  and  a  virtual  height  of  400  km  is  assumed, 
then  a  layer  tilt  of  4°  is  required.  These  conditions  specify  a  latitude  for  the  terminal 
of  not  more  than  32°  and  a  secant  factor  of  about  3.6.  Thus,  to  support  45MHz,  a  critical 
frequency  somewhere  in  the  vicinity  of  13MHz  is  required.  The  maximum  frequency 
determined  in  this  manner  is  only  a  first-order  estimate,  since  knowledge  of  the  entire 
vertical  electron  density  profile  along  the  path  is  obviously  needed. 

One  might  be  tempted  to  look  at  the  large  potential  secant  factors  and  conclude  that 
even  90  to  100  MHz  propagation  would  be  possible  if  the  conditions  were  just  right. 

However,  these  same  conditions  would  also  require  the  latitudes  of  the  reflection  points 
and  the  terminal  locations  to  be  unreasonably  small.  Furthermore,  for  circuits  within 
25°  magnetic  latitude,  nearly  all  the  observations  of  frequencies  above  about  60  MHz 
occur  on  nights  when  the  flutter  fading  is  high,  indicating  a  dependence  on  a  spread 
condition  in  the  ionosphere  rather  than  (or  in  addition  to)  a  particular  shape  of 
electron  density  contours21,  23.  Examination  of  the  curves  of  Figure  5  with  reasonable 
values  of  Q  ,  a  ,  and  hp  in  mind  shows  that  frequencies  greater  than  about  60  to 
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65  MHz  (depending  on  the  available  plasma  frequencies)  will  not  usually  propagate  via 
this  mechanism.  In  addition,  the  signal  strength  at  the  higher  frequencies  decreases  more 
than  would  be  indicated  by  total  reflection.  Hence  these  higher  frequencies  are  judged 
not  to  belong  to  this  class. 

3.3  Predicted  Latitude  Dependence 

Since  there  had  been  no  studies  or  measurements  of  the  latitudinal  variation  of  the 
maximum  propagating  frequency,  it  seemed  worthwhile  to  use  the  ITS  predictions,  together 
with  an  elementary  form  of  ray  tracing35,  to  estimate  the  maximum  frequency.  Figure  6 
shows  the  two  important  F-region  parameters  for  an  equinoctial  month  along  the  Rarotonga- 
Oahu  path.  The  equatorial  anomaly  is  evident  in  both  the  critical  frequency  and  the 
layer  height.  The  propagation  results  are  given  in  Figure  7,  in  the  form  of  ionograms 
for  paths  of  varying  length  whose  terminals  are  geographic  (and  magnetic-dip)  conjugates 
The  ray-tracing  method  makes  a  first-order  correction  for  horizontal  gradients  and  tilts, 
but  the  available  accuracy  does  not  encourage  sharp  distinction  between  the  F2F2  ray  and 
the  long-delay  1F2  rays  shown. 

3.4  Signal  Characteristics 

The  signal  characteristics  of  this  class  of  propagation  are  (i)  low  signal  loss,  on  the 
order  of  free-space  values,  (ii)  little  time  dispersion,  only  one  or  two  modes  propagating 
at  a  given  frequency  (ignoring  magneto-ionic  components),  and  (iii)  a  normally  low  fading 
rate  or,  more  descriptively,  a  small  Doppler  spread.  A  typical  spectrum  is  shown  in 
Figure  8(a).  The  proper  conditions  for  this  mode  may  exist  from  mid-afternoon  until 
nearly  midnight.  Voice  transmissions  are  often  undistorted,  but  the  multipath  problem 
usually  renders  wider-bandwidth  signals  unusable.  Thus  the  signals  observed  under  this 
classification  can  be  reasonably  well  understood.  In  general,  they  may  be  investigated 
by  using  “normal"  ionospheric  ray  paths,  with  the  possibility  of  some  scatter  being 
introduced  during  times  when  the  equatorial  F  region  is  in  a  spread-F  condition.  The 
question  of  whether  another  mechanism  is  needed  to  explain  transequatorial  VHF  propagation 
above  50  to  60  MHz  is  now  considered. 


4.  CLASS  II  -  TRANSEQUATORIAL  PROPAGATION  BY 
OTHER  THAN  NORMAL  REFRACTION 


4.  1  General 

The  propagation  of  frequencies  approaching  100  MHz  over  distances  of  at  least  5000  km 
(Refs.  6.  23)  suggests  that  a  second  class  of  transequatorial  propagation  is  needed.  Further¬ 
more,  effective  secant  factors  greater  than  four  or  five  do  not  seem  to  be  likely,  leaving 
a  requirement  for  unreasonably  large  plasma  frequencies,  that  is,  values  approaching  20 
MHz.  There  is  little  question,  however,  but  that  further  ray-tracing  studies  through 
measure*!  profiles  are  needed  to  establish  the  highest  frequency  that  can  propagate  by 
normal  refraction. 

Most  of  the  paths  over  which  frequencies  in  excess  of  50  to  55  MHz  have  been  observed 
are  less  than  5000  km  long.  But  on  paths  as  long  as  2600  km,  the  high  signal  strengths 
characteristic  of  the  longer  transequatorial  paths  have  not  been  observed,  even  at  the 
reasonably  low  frequency  of  50  MHz  (Ref. 12).  It  is  suggested  that  paths  capable  of 
carrying  the  higher  frequencies  should  have  magnetically  conjugate  terminals  that  lie 
between  about  2000  and  3000  km  of  the  magnetic  equator.  We  shall  see  further  reasons  for 
this  choice. 

4.2  Signal  Characteristics 

The  signal  characteristics  for  this  second  class  of  transequatorial  propagation  are  a 
curious  mixture  of  relatively  large  strength  and  severe  spreading  in  both  frequency  and 


45-6 


time  delay.  Frequency  spreads  of  5  to  15  Hz  are  common,  and  the  power  spectral  density 
of  Figure  8(b)  (plus  the  additional  ones  in  Reference  23)  indicates  that  many  ray  paths 
can  be  involved.  While  there  is  general  agreement  that  the  higher  frequencies  are 
characterized  by  high  fade  rates,  little  has  been  offered  in  the  way  of  explanation. 
Observations  for  this  class  of  signals  are  strictly  nocturnal,  with  a  pronounced  maximum 
in  rate  of  occurrence  at  the  equinox  (see  Figure  2). 

To  contrast  the  signal  strengths  of  transequatorial  propagation  with  those  of  F 
scatter  near  the  equator,  typical  and  peak  field  strengths  from  various  experiments  are 
summarized  in  Table  II.  The  tabulated  values  of  transequatorial  signal  strengths  are 
somewhat  exaggerated,  since  they  have  been  chosen  for  equinoctial  months  and  for  the  most 
favorable  time  in  the  evening  propagation  period.  Yet  the  differences  in  Table  II  are 
clear.  While  the  50-MHz  data  for  the  transequatorial  paths  may  be  explained  by  normal 
refraction,  the  higher  frequencies  appear  to  propagate  by  some  partially  coherent  reflec¬ 
tion  process. 

4.3  Spread- F 

The  role  of  spread-F  in  transequatorial  propagation  is  enigmatic.  Some  authors12 
believe  that  the  irregularities  are  nothing  more  than  a  veil  of  confusion  -  masking 
refraction,  the  principa’  means  of  ray  reflection.  Others  believe  that  scatter  is  the 
vital  mechanism,  but  it  is  not  always  possible  to  distinguish  the  generic  use  of  the  term 
from  something  more  specific.  Still  other  investigators  employ  some  type  of  ray  guidance 
to^explain  the  reflection  process. 

From  the  available  reports  it  is  certain  that,  when  the  term  spread-F  is  used 
generically,  there  is  no  close  correlation  with  transequatorial  VHF  propagation6,  12, 22. 
That  is,  it  is  not  a  sufficient  condition.  But  there  is  a  closer  association  between  VHF 
propagation  and  equatorial  flutter  fading.  Finally,  the  author,  in  a  separate  paper23, 
shows  that  the  simultaneous  reflection  of  54,  72,  and  90  MHz  can  be  critically  dependent 
upon  large  F-region  irregularities  moving  along  the  magnetic  equator. 

4  4  Possible  Mechanisms 

In  an  attempt  to  explain  the  second  class  of  signals,  three  mechanisms  are  examined: 

(i)  reflections  from  overdense  irregularities,  in  the  manner  of  Class  I  signals  but  under 
spread  conditions,  (ii)  weak  scattering  from  underdense  irregularities,  and  (iii)  guidance 
along  the  same  irregularities  by  means  of  gradients  normal  to  their  axis.  From  the 
arguments  advanced  earlier,  and  particularly  from  the  off-path  reflections  obtained  in 
Reference  23,  the  possibility  of  overdense  reflections,  at  least  at  90  MHz,  seems  remote. 
But  let  us  first  examine  the  possibility  of  ray  guidance  along  field-aligned  irregu¬ 
larities. 

4.4  Guidance  along  Irregularities 

The  propagation  of  radio  waves  along  field-aligned  irregularities  is  normally  placed 
in  the  province  of  the  medium  frequencies  (0. 3  to  3  MHz)  and  below.  Several  authors, 
however,  have  given  the  problem  a  sufficiently  general  treatment  that  the  possibilities 
of  HF  and  VHF  propagation  may  also  be  considered37"40.  In  general,  the  requirements  for 
guidance  are:  (i)  that  a  suitable  means  exist  for  coupling  energy  into  the  region  beneath 
(or  between)  the  irregularity(ies)  and  (ii)  that  the  ray  curvature  equal  or  exceed  that 
of  the  local  magnetic  field. 

The  condition  for  coupling  is  likely  to  be  one  of  obtaining  the  proper  incidence  angle 
at  a  height  where  the  irregularities  exist.  Since  the  electron  gyrofrequency  is  much 
greater  than  the  electron  collision  frequency,  we  are  assuming  that  the  irregularities 
are  aligned  with  the  earth’s  magnetic  field.  If  this  is  true,  then  a  ray  that  is 
tangent  to  the  magnetic  field  within  the  appropriate  altitude  and  latitude  range  will  be 
properly  oriented.  To  locate  these  points  of  tangency,  it  is  assumed  that  the  magnetic 
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field  can  be  represented  by  a  centered,  non-tilted  magnetic  dipole.  The  results,  para¬ 
metric  over  the  latitudes  and  heights  of  interest,  are  plotted  in  Figure  9.  The  solid 
curves  in  the  figure  illustrate  the  latitude  and  altitude  of  tangency  to  the  geomagnetic 
field  of  a  ray  path  whose  departure  angle  is  A  .  Notice  that  at  some  terminal  litutudes 
two  points  of  tangency  are  possible8.  For  example,  a  terminal  located  at  20°  geomagnetic 
latitude  has  points  of  tangency  at  300  km  at  latitudes  of  11°  and  14°  and  at  departure 
angles  of  11°  and  21°.  The  angle  increments  adjacent  to  the  200-km  line  indicate  the 
variations  if  the  ray  is  not  tangent  at  H  but  intersects  the  field  at  ±5°.  It  can 
also  be  observed  that,  for  a  given  terminal  latitude,  ,  the  “point”  of  tangency, 

^tan  •  is  most  widely  distributed  in  latitude  (^ter^tan  =  °)  when  #ter  =  (5/3)0tan  • 
(Correspondingly,  A~  (5/4)i°tan.  ) 

The  practical  range  of  terminal  latitudes  most  suited  for  the  criterion  of  field 
tangency  would  be  between  about  16°  and  30°.  The  upper  limit  is  defined  by  the  field 
lines  whose  apogees  are  excessive.  The  asterisks  on  the  lines  for  H  =  500,  600,  and  700 
km  in  Figure  9  indicate  the  value  of  #tan  beyond  which  the  apogee  of  the  field  line 
will  exceed  1000  km.  Thus  the  range  of  conjugate  latitudes  is  similar  to  that  of  Figure 
7. 


To  estimate  the  required  electron  density  gradients  in  the  irregularities,  we  refer  to 
Gopal  Rao  and  Booker38.  From  their  Figure  6  a  value  of  the  fractional  electron  density 
gradient  per  unit  curvature  of  the  field  can  be  obtained  if  values  for  the  electron 
gyrofrequency,  the  plasma  frequency,  and  the  wave  frequency  are  supplied.  From  an 
expression  for  the  gyrofrequency  fH  ,  we  can  obtain  an  expression  for  field  curvature: 


f 


H 


where 


fH  =  value  at  equator  at  the  surface  (0.  88  MHz) 
eq 

6  -  geomagnetic  latitude. 


While  the  values  from  Gopal  Rao  and  Booker  assume  curvature  and  gradients  normal  to  the 
field  line,  for  small  values  of  Q  (low  latitudes)  we  may  assume  that  the  gradient  is 
radial  (that  is,  that  rcK3  «  dr).  Thus  the  field  curvature  (Kp)  is  approximately 


On  the  basis  of  this  expression,  the  necessary  gradient  of  ionization  normal  to  the  field 
line  for  guidance  of  54,  72,  and  90  MHz  is  shown  in  Figure  10.  Also  shown  in  the  figure 

are  the  electron  density  and  gyrofrequency  profiles  used  in  the  calculation.  Notice  that 

the  percentage  curves  mirror  the  curve  of  electron  density.  This  is  the  result  of  an 
almost  constant  value  of  VN  as  a  function  of  altitude.  These  values  are  0.25,  0.5,  and 

0.7  electrons/cm3  per  cm  for  54,  72,  and  90  MHz,  respectively.  For  the  lower  ionospheric 

heights  (<  500  km),  these  values  are  not  unreasonably  large,  especially  for  the  ionization 
peaks  of  the  equatorial  anomaly.  The  concept  of  guidance  of  this  type  has  also  been  used 
by  McCue1*0. 


Intuitively,  it  does  not  seem  necessary  for  the  guidance  to  depend  upon  only  one 
irregularity,  or  even  a  few  irregularities.  One  might  draw  an  analogy  to  a  flexible 
light  tube  whose  transmission  properties  are  enhanced  by  making  it  more  fibrous  or 
filimentary  as  opposed  to  using  a  single  homogeneous  cross-section. 
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4.3  Scatter 

If  it  were  not  for  the  relatively  large  observed  signal  strengths,  scatter  would  be  an 
obvious  postulate  for  the  propagation  mechanism  at  frequencies  above  50  to  60  MHz.  Even 
the  rate  of  decrease  in  signal  strength  with  frequency  is  indicative  of  scatter.  But,  since 
it  is  impossible  to  pursue  the  problem  quantitatively  without  a  knowledge  of  the  common 
volume  in  the  various  experiments,  only  a  brief  comment  on  observed  cross-sections  can  be 
made. 

Without  exception,  the  systems  used  in  exploring  transequatorial  propagation  have 
been  of  relatively  low  power.  Because  of  this  low  power  as  well  as  the  relatively 
nondirective  antennas  employed,  the  free-space  field  strength  has  usually  been  on  the 
order  of  -70  dBm  For  a  5000-km  path  and  an  observed  signal  that  is,  for  example,  20  dB 
below  free  space,  the  cross-section  is  about  10l2m2.  If  we  consider  cylindrical  irregular¬ 
ities  in  which  the  electrons  are  perfectly  coherent  (1014  electrons/meter  of  cylinder 
length  with  no  transverse  coherence  loss)  over  the  first  Fresnel  zone  (about  10  km  at 
70  MHz  and  a  500-km  reflection  heig.it),  about  104  such  cylinders  are  required.  If  the 
overall  collection  of  such  small-scale  irregularities  forms  an  ensemble  that  is  tens  by 
hundreds  of  kilometers,  that  number  of  irregularities  may  be  possible.  In  view  of  the 
assumption  of  coherence,  however,  it  may  be  concluded  that  cross-sections  of  109  to  1012m2 
are  difficult  to  explain  in  these  terms. 

If,  as  indicated  in  Reference  23,  the  reflections  at  the  higher  frequencies  are  from 
moving  irregularities  near  the  magnetic  equator,  we  are  left  with  two  rather  untenable 
choices:  that  the  number  of  partially  coherent  but  weak  scatterers  within  the  large 
irregularities  is  sufficient  to  yield  the  observed  cross-sections  or  that  the  irregular¬ 
ities  are  overdense  to  the  transmitted  frequency.  For  the  latter  to  be  a  practical 
hypothesis,  the  background  electron  density  would  have  to  be  at  least  4  x 2012  electrons/m3, 
with  peak  densities  in  the  irregularities  approaching  1013  electrons/m3. 


5.  PATHS  ASYMMETRIC  TO  THE  MAGNETIC  EQUATOR 

While  terminals  symmetrically  disposed  about  the  magnetic  equator  have  clear  advantages, 
the  effects  of  the  equatorial  F  region  are  very  evident  on  asymmetric  paths.  It  appears, 
however,  that  the  upper  frequency  limit  on  such  paths  is  somewhat  lower  than  that  for  the 
more  symmetrical  paths.  Obviously,  if  a  ray  path  has  its  reflection  in  the  region  of 
either  of  the  low- latitude  peaks  of  electron  density,  higher-than-normal  oblique 
frequencies  will  result.  During  the  post-sunset-to-midnight  hours,  maximum  frequencies 
may  exceed  55  to  60  MHz  (Refs. 20,  33).  Without  the  presence  of  irregularities,  however, 
the  upper  limit  is  probably  10  to  15  MHz  lower. 


6.  CONCLUSIONS 

The  above  observations  and  reasoning  suggest  the  following: 

(i)  Normal  refraction  from  the  large-scale  horizontal  gradients  of  the  equatorial 
anomaly  can  explain  propagation  to  frequencies  approaching  50  MHz  -  occasionally 
perhaps  even  to  60  or  70  MHz,  depending  upon  the  position  in  the  sunspot  cycle 
and  the  relative  path  geometry.  This  type  of  propagation  (F2F2)  is  dependent 
upon  the  correct  density,  height,  and  separation  of  the  electron  density  peaks. 

(ii)  For  frequencies  greater  than  that  possible  by  normal  refraction,  the  radio  wave 
can  be  guided  along  irregularities  in  electron  density.  For  this  guidance  to 
occur,  a  certain  electron  density  must  exist  prior  to  the  commencement  of 
irregularities  occurring  shortly  after  ionospheric  sunset.  The  higher  this 
density,  the  lower  the  percentage  gradient  required  for  guiding  a  given  frequency 
and  hence  the  greater  the  probability  of  that  frequency  propagating.  The  higher 
frequencies  begin  to  propagate  when  both  the  irregularities  and  a  given  threshold 


45-9 


of  electron  density  exist.  They  cease  to  propagate  when  either  condition  ceases 
to  exist.  The  threshold  of  electron  density  is  a  function  of  the  propagation 
path  and  the  oblique  frequency  and  nay  be  necessary  at  one  or  nore  places  along 
the  path.  This  type  of  guidance  applies  only  near  the  great-circle  path. 

(iii)  Scatter  propagation  from  field-aligned  irregularities  may  be  important  at 

frequencies  above  60  MHz,  but  current  theory  does  not  favor  this  conclusion.  In 
general,  observed  signal  strengths  are  too  large  to  be  accounted  for  by  F 
scatter  from  underdense  irregularities. 

(iv)  In  light  of  the  off-path  reflection  from  large  F-region  irregularities  it  is  not 
possible  to  eliminate  reflection  from  overdense  irregularities  as  an  important 
mechanism.  The  reflection  of  frequencies  as  high  as  95  MHz,  however,  places 
the  required  electron  density  at  the  upper  limit  of  credible  values.  Certainly 
the  off-path  reflections  at  the  higher  frequencies  are  not  easily  pictured  in 
the  framework  of  rays  guided  along  field-aligned  irregularities. 

(v)  The  VHF  transequatorial  propagation  cannot  be  attributed  solely  to  the  presence 
of  F-region  irregularities.  Either  a  more  careful  approach  to  the  type  of 
irregularities  is  required  or  other  conditions,  such  as  high  background  electron 
densities,  are  required.  There  is  evidence  that  the  particular  irregularities 
associated  with  equatorial  flutter  fading  may  be  important. 

(vi)  The  pronounced  seasonal  and  diurnal  dependence  of  frequencies  up  to  50  to  60  MHz 
can  probably  be  accounted  for  by  a  detailed  analysis  of  the  equatorial  anomaly. 
The  maximum  electron  densities,  the  heights,  the  separation  of  the  peaks,  and 
the  symmetry  with  respect  to  the  propagation  path  are  important.  The  seasonal 
and  diurnal  dependence  of  the  higher  frequencies  may  be  understood  through  a  more 
complete  knowledge  of  the  F-region  irregularities  characteristic  of  the  post- 
sunset-to-midnight  period. 
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TABLE  I 

Distance  Separating  Peaks  in  MUF(ZER0)F2 
(March  1967  Prediction)  in  Degrees  of  Latitude 
(Underscored  values  indicate  at  least  a  25%  decrease 
in  MUF (ZER0)F2  at  equator) 


TABLE  II 

Comparison  of  Observed  Signal  Powers 
(Values  in  decibels  below  free-space  level) 


Reference 

Free-Space  Level 
(dBm) 

Normal  Value 
(dB) 

Peak  Value 
(dB) 

50  Mllz 

Cohen  and  Bowles12  (1961) 

-22 

110 

85 

Smith  and  Finney15  (19591 

-38 

'o4 

59 

Washburn  et  al.  19  (1963) 

-67 

16 

Nielson20(1966) 

-53 

<  10 

Bowen  et  al.2  1  (1966) 

-72 

38 

18 

Kingan6  (1967) 

-78  (est. ) 

<  10 

Nielson23((1968) 

-79 

25 

13 

Yamaoka22  (1966) 

-66 

<  10 

>  0 

70  MHz 

Yamaoka22  (1966) 

-64 

<  18 

<  8 

Bowen  et  al.  2 1  ( 1966) 

-73 

42 

Nielson23  (1968) 

-82 

23 

90  MHz 

Nielson23  (1968) 

-68 

48 

CRITICAL  FREQUENCY  — MHz 
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VIRTUAL  HEIGHT  <h)  - km 


Fig.  5  Ray  path  and  terminal  locations  that  satisfy  the  conditions  of 

Figure  4  for  A  =  0° 


mot 


GEOMAGNETIC  LATITUDE  OF  TANGENCT  AT  ALTITUDE,  H  - degrees 


Terminal  locations  and  departure  angles  for  ray  path  tangency  to  geomagnetic  field 


Fig. 10  Required  electron  density  gradient  for  wave  guidance 


THE  IMPORTANCE  OF  HORIZONTAL  F- REGION  DRIFTS  TO 
TRANSEQUATORI AL  VHF  PROPAGATION 

by 

D.L. Nielson 

Stanford  Research  Institute, 

Menlo  Park,  California,  94025 
USA 


SUMMARY 


Evidence  is  offered  for  oblique  reflection  from  a  moving  P-region 
irregularity,  at  frequencies  as  high  as  90  MHz.  The  velocity  of  the 
irregularity  is  150  ms*1  in  an  east-west  direction.  Evidence  is  also 
presented  showing  the  relative  sensitivity  of  VHP  propagation  on  a 
5000-km  transequatorial  path  to  magnetic  latitudinal  and  longitudinal 
variations. 


NOTATION 


Doppler  shift 

free- space  wavelength 

velocity  of  irregularity 


phase  path  length  of  oblique  ray. 
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THE  IMPORTANCE  OF  HORIZONTAL  F-REGION  DRIFTS  TO 
TRANSEQUATORIAL  VHF  PROPAGATION 

D.L. Nielson 


1.  INTRODUCTION 

Our  understanding  of  transequatorial  propagation  at  frequencies  above  50-60  MHz  suffers 
from  a  lack  of  specific  postulates  or  theories.  The  development  of  theories  has  been 
hampered  by  a  lack  of  good  diagnostic  or  experimental  data.  A  mid-Pacific  transequatorial 
propagation  experiment  carried  on  during  the  vernal  equinox  of  1968  has  produced  two 
important  results  that  enhance  our  understanding  of  transequatorial  VHF  propagation.  TTie 
4800-km  propagation  path  of  this  experiment,  from  Rarotonga  in  the  Cook  Islands  to  Oahu  in 
the  Hawaiian  Islands,  is  highly  symmetric  to  the  geographic  as  well  as  the  magnetic  (dip) 
equator.  A  map  of  the  path  and  surrounding  islands  is  shown  in  Figure  1.  In  the  experi¬ 
mental  complement  were  CW  transmitters  and  receivers  on  36,  54,  72,  90,  and  108  MHz.  The 
transmissions  were  very  coherent,  making  possible  the  spectral  analysis  of  the  complex 
received  signal.  Doppler  spectra  were  produced  by  a  Fourier  analysis  especially  adapted 
for  rapid  computer  calculation. 


2.  SIGNAL  CHARACTERISTICS 
2.  1  Peak  Signal  Strength 

While  signal  strengths  showed  great  variability,  the  signal  level  tended  to  be  quite 
high  during  the  equinoctial  month  of  March.  Table  I  summarizes  the  peak  median  values  for 
March.  These  peak  values  occurred  between  2100  and  2200  local  time. 


TABLE  I 

Summary  of  Peak  Signal  Conditions  for  March 
(Free-space  loss  =  145  dB) 


Frequency 

(MHz) 

Free-Space 

Fie  Id  Strength 
(dBm) 

Peak  Median 

Fie  Id  Strength 
(dBm) 

Corresponding 
Minimum  Path  Loss 
(dB) 

35 

-86 

-86 

145 

54 

-79 

-92 

158 

72 

-82 

-105 

168 

90 

-68 

-116 

193 

108 

-81 

Not  observed 

2.2  Doppler  Spectra 


One  of  the  important  results  of  the  experiment  came  from  an  analysis  of  the  Doppler 
spectra.  Each  of  these  spectra  was  computed  from  10  seconds  of  coherent  CW  signal.  On 
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the  two  highest  observed  frequencies,  and  often  on  the  three  highest,  the  signal,  while 
quite  spread,  appears  as  small  Doppler  segments  moving  from  positive  to  negative  Doppler 
frequency.  A  set  of  such  records  for  each  frequency  is  shown  in  Figure  2  for  25  March 
1968.  One  apparent  interrelationship  is  the  linear  variation  of  Doppler  shift  with 
frequency  down  to  54  MHz.  The  36-MHz  spectra  seldom  resemble  those  of  the  two  highest 
observed  frequencies,  whereas  the  spectral  characteristics  of  the  54-MHz  data  are  often 
an  admixture  of  the  characteristics  of  36,  72,  and  90  MHz. 

In  an  attempt  to  determine  the  meaning  of  these  time-varying  Doppler  shifts,  the 
normalized  Doppler  expression  shown  in  Figure  3(a)  was  derived.  For  this  expression,  the 
existence  of  a  north-south  irregularity  moving  west  to  east  along  the  magnetic  equator 
was  postulated. 


4vJ 

—  m  Hz  s  ,  for  P.»2vt  -  L  , 

pi 

the  Doppler  shift  as  a  function  of  time  may  be  used  to  calculate  v  directly.  This 
elementary  formulation,  applied  to  the  spectra  of  Figure  2,  resulted  in  a  surprisingly 
accurate  fit.  The  observed  and  computed  shifts  are  shown  in  Figure  3(b).  The  computed 
velocity  is  150  ms"1,  a  value  that  agrees  with  other  equatorial  F-region  drift  velocities1. 
The  displacement  of  the  reflection  point  at  the  equator  was  also  computed;  it  is  shown 
along  the  abscissa. 

The  fact  that  frequencies  as  high  as  90  MHz  can  be  reflected  from  these  large  irregu¬ 
larities  adds  a  new  dimension  to  the  study  of  trans-equatorial  VHF  propagation.  The 
measured  signal  strengths  for  90,  72,  and  54  MHz  at  2220  LMT  in  Figure  2  are  -116,  -105, 
and  -  85  dBm,  respectively.  These  values  correspond  to  scattering  cross-sections  of  10’, 

4  x  10 n,  and  2  x  10 13  m2  -  very  large  values. 

2.3  Latitude  and  Longitude  Variation 

A  three-month  test  of  the  spatial  distribution  of  VHF  signals  was  made  during  April, 

May,  and  June  1968  on  the  Islands  of  Rarotonga,  Niue,  and  Manihiki  (see  Figure  1) 2.  The 
tests  were  for  reception  of  Hawaiian  television  on  Channels  2,  3,  and  4  (55,  81,  and  67  MHz). 

Results  to  date  show  that  the  signals  to  Niue  and  those  to  Rarotonga  had  very  similar 
occurrence  statistics,  although  the  reception  periods  were  generally  not  concurrent. 

Since  these  stations  are  at  approximately  the  same  dip  latitude,  that  result  is  not 
surprising.  At  Manihiki,  however,  the  rate  of  occurrence  was  substantially  lower:  Channel 
3  was  heard  briefly  in  only  one  instance,  and  Channel  4  was  not  heard  at  all.  Yet  at  the 
same  time  Channels  3  and  4  were  propagating  well  at  the  other  stations.  For  example,  at 
2300  IKT.  Channel  4  was  received  31%  of  the  time  at  Rarotonga  and  42%  at  Niue. 

The  lack  of  signal  on  the  shorter  path  has  some  important  implications.  First,  for  those 
signals  propagated  by  normal  refraction,  the  lack  of  signal  might  be  caused  by  the  southern 
terminal  lying  within  the  skip  zone.  Second,  it  appears  that,  if  the  propagation  mechanism 
were  largely  weak  scattering,  there  would  be  some  non-equiangular  scattering  into  the 
vicinity  of  the  magnetic  equator,  while  if  the  mechanism  were  ducting  along  F-region 
irregularities,  a  dead  zone  similar  to  that  illustrated  in  Figure  4  would  exist.  The 
absence  of  certain  frequencies  at  Manihiki  would  appear  to  exclude  scattering  as  the 
mechanism.  Finally,  this  reduction  in  signal  occurrence  illustrates  the  greater  sensitivity 
of  VHF  propagation  to  magnetic  latitudinal  variations  than  to  longitudinal  variations. 


Since 

d(AA) 

dt 
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3.  CONCLUSIONS 

The  transequatorial  propagation  of  frequencies  as  high  as  90  MHz  has  been  shown  to  be 
related  to  reflection  from  large  F-region  irregularities.  These  irregularities  move  east- 
west  n°ar  the  magnetic  equator  at  a  velocity  of  about  150  ms*1  .  There  is  no  reason  to 
doubt  that  these  irregularities  are  of  the  same  type  as  those  that  have  been  observed  by 
others  at  lower  frequencies  during  the  post-sunset  to  midnight  period. 

From  a  limited  set  of  observations  it  appears  that  VHF  propagation  is  substantially 
reduced  when  one  terminal  of  a  4800-km  symmetric  path  is  moved  1200  km  nearer  the  equator. 
But  movement  of  the  terminal  along  a  line  of  constant  dip  by  nearly  the  same  distance  does 
not  change  the  VHF  propagation  characteristics. 
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Fig. 3  Test  of  Doppler  shift  for  a  moving  irregularity 


Fig. 4  Example  of  difference  in  reception  area  with  guidance  along  and 
with  scatter  from  F-region  irregularities 


ETUDE  D’ UNE  PROPAGATION  TRANSEQUATORI ALE  EN  DEHORS 


DU  GRAND  CERCLE  EN  PERIODE  D’ OCCURRENCE  DE 


par 


M.  Crochet  et  P.  Broche 


Laboratoire  de  Physique  de  1’ Exosphere 
Faculte'  des  Sciences  de  Paris,  France 


DIPFUS 


RESUME 

Un  type  de  propagation  k  tr&s  longue  distance  (16.000  km)  en  ondes 
d^camdtriques  entre  la  France  et  Tahiti  est  etudie.  Une  propagation  tr£s 
stable  en  dehors  du  grand  cercle  a  4t4  raise  en  Evidence.  Son  origine 
d^terminde  par  les  mesures  des  temps  de  transit  des  signaux  et  de  leurs 
directions  d’ arriv^e  a  ete  localise  dans  la  region  de  1* equateur  magnetique. 

Divers  ra^canismes  possibles  de  production  de  ces  signaux  ont  ete  considers: 

(a)  refraction  par  un  gradient  lateral, 

(b)  diffusion  A  la  surface  de  la  mer, 

(c)  diffusion  dans  la  couche  F  associde  &  F  diffus  equatorial. 
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ETUDE  D’UNE  PROPAGATION  TRANSEQUATORI ALE  EN  DEHORS 
DU  GRAND  CERCLE  EN  PERIODE  D’  OCCURRENCE  DE  F  DIFFUS 

M. Crochet  et  P.Broche 


1.  INTRODUCTION 

La  propagation  entre  la  France  et  le  Pacifi^ue  Sud  a  dtd  dtudide  au  cours  de  deux 
campagnes  d’  experimentation  en  Juin  1965  et  Juin  1967.  Des  phdnomdnes  particuliers  de 
propagation  hors  du  grand  cercle  ont  dtd  mis  en  evidence  en  1965  (Ref. 1)  et  confines  en 
1967. 


2.  RESULTATS  EXPERIMENTAL X 

Des  impulsions  de  puissance  de  cr£te  100  kw  dmises  dans  deux  directions  k  partir  de 
Valensole  au  moyen  d’ un  adrien  large  bande,  directif  (10°  k  3  dB  &  10  MHz)  ont  dtd  re$ues 
4  Tahiti  (Fig. 1).  La  premiere  direction  qui  est  celle  du  grand  cercle  Valensole-Tahiti 
(azimut  315°)  prdsente  les  caractdristiques  suivantes:  elle  est  tangente  &  la  zone  aurorale 
dans  laquelle  1’ dnergie  peut  dtre  fortement  absorbde  de  nuit2.  Pour  une  distance  totale 
de  16.300  km,  une  partie  de  trajet  d’ environ  5000  km  est  terrestre  et  l’on  peut  s' attendre 
&  2  ou  3  reflexions  sur  le  sol,  alors  que  la  caractdristique  essentielle  de  la  seconde 
direction  (azimut  285°),  est  d’etre  entidrement  sur  mer;  elle  ne  traverse  aucune  zone 
d’  absorption  anormale  et  prdsente  au  contraire  des  conditions  favorables  de  propagation 
longue  distance  par  supermodes  de  0400  &  0800  TU  (Ref.  3). 

En  Juin  1965,  on  a  constate  que  le  signal  dmis  dans  1’ azimut  285°  dtait  requ  k  Tahiti 
avec  une  amplitude  sensiblement  dgale  k  celle  du  signal  dmis  dans  le  grand  cercle.  Un  mode 
de  fonctionnement  de  type  balise-rdpondeuse  &  dgalement  permis  de  mettre  en  evidence  une 
augmentation  du  temps  de  propagation  aller-retour  de  4,7  ms  (Fig. 2).  Une  telle  augmentation 
ne  peut  s' expliquer  que  par  une  trajectoire  "brisde”  suivant  deux  ou  plusieurs  arcs  de 
grands  cercles.  Si  l'on  admet  qu’il  existe  un  mdcanisme  provoquant  une  deviation  unique 
4  une  distance  D  de  Valensole  le  long  du  grand  cercle  Valensole-Gambier,  on  peut 
calculer  en  fonction  de  D  1’ augmentation  At  du  temps  de  propagation  aller  retour  le 
long  de  ce  chemin  “brisd”  par  rapport  k  celui  observe  le  long  du  grand cercle  Valensole-Tahiti 
(Fig.  3).  On  voit  ainsi  que  les  rdsultats  expdrimentaux  conduisent  &  adopter  D  =  12.500  km, 

la  ddviatiin  qui  se  produit  sens;  element  &  1' dquateur  magnetique,  est  de  23°. 

Ces  rdsultats  ont  dtd  confines  eu  1967  par  des  essais  de  goniomdtrie  par  cadre  qui 
ont  pu  §tre  effectuds  &  Tahiti.  Pour  une  emission  k  partir  de  Valensole  dans  1’ azimut 
285°  (grand  cercle  Valensole-Gambier)  le  signal  est  requ  4  Tahiti  dans  une  direction 
comprise  entre  70  et  80°  (Fig. 4)  e’est-d-dire  en  provenance  de  la  rdgion  d’ intersection 
de  1* dquateur  magnetique  et  de  la  trajectoire  Valensole-Gambier. 

Cette  mdthode  de  gomomdtrie  rudimentaire  qui  a  dtd  utilisde  k  titre  exploratoire,  ne 
permet  d'obtenir  des  rdsultats  que  pour  des  ondes  polarisdes  lindaireraent  dans  le  plan 
vertical.  Lorsque  la  polarisation  est  elliptique  on  peut  encore  observer  des  minima  de 
signal  assez  nets  si  la  polarisation  n’ est  pas  trop  circulaire  et  les  positions  corres- 
pondantes  du  cadre  n’ ont  en  gdndral  aucun  rapport  avec  la  direction  d’arrivde  des  ondes. 

Par  ailleurs,  la  structure  complexe  du  signal  qui  est  trds  fluctuant,  s’ dtale  sur  plusieurs 

millisecondes  alors  que  1’ impulsion  dmise  ne  dure  qu’ une  milliseconde:  il  y  aurait  lieu 
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d’effectuer  des  mesures  de  goniom^trie  pour  chaque  partie  du  signal  requ  mais  ceci  n’ a 
pas  6t6  tente  en  1967.  On  a  admis  que  1’ observation  d’ un  minimum  net  subsistant  assez 
longtemps  dans  un  secteur  donne  etait  une  indication  acceptable  de  direction  d’  arriv^e 
pour  la  partie  du  signal  comportant  le  plus  d’ energie. 

En  1967,  un  second  ensemble  rdcepteur-goniomHre  etait  place  aux  Gambier  dans  le  but  de 
detector  des  propagations  en  dehors  du  grand  ce/cle  pour  des  Emissions  faites  &  Valensole 
dans  1’ azimut  315°.  Cette  experimentation  n' a  pas  donne  des  resultats  aussi  nets  qu’ on 
l’escomptait  pour  les  raisons  suivantes: 

-  dans  cette  nouvelle  configuration,  un  lobe  secondaire  de  1’  adrien  de  Valensole 
rayonne  le  long  du  grand  cercle  Valensole-Gambier  (c’ est-4-dire  dans  de  tr4s  bonnes 
conditions  de  propagation),  un  signal  rdsiduel  d’ amplitude  egale  ou  superieure  4 
celle  des  signaux  correspondants  4  1’ autre  direction; 

-  les  differences  de  temps  d'arrivee  sont  insuf fisantes  pour  que  les  divers  signaux  ne 
se  superposent  pas  au  moins  partiellement.  II  a  done  4t6  tr4s  difficile  de  les 
distinguer; 

-  les  mesures  de  goniometrie,  dej4  sujettes  4  reserves,  ont  ete  faites  sur  un  site 
defavorable  et  il  a  ete  juge  preferable  de  ne  pas  se  servir  des  rdsultats  peu  nets 
obtenus. 

Cependant,  les  mesures  relatives  des  champs  requs  ont  permis  de  calculer  1’  absorption 
aurorale  moyenne  et  un  coefficient  caracteristique  de  1* efficacite  du  processus  de 
deviation.  Ces  mesures  ont  4t4  effectuees  en  fonctionnement  en  balise  rdpondeuse  4  Valensole 
et  4  Tahiti  en  1965  ainsi  qu’  4  Valensole,  Tahiti  et  aux  lies  Gambier  en  1967. 

Avec  les  notations 

PVT  =  energie  reque  4  Tahiti  par  le  grand  cercle 

PyQ  =  energie  reque  aux  lies  Gambier  par  le  grand  cercle 

Pind  =  ener8ic  reque  4  Tahiti  par  la  trajectoire  brisde 

on  a  les  resultats 


ind 

=  P 
rVT 

+  3 

dB 

(1) 

ind 

=  P 
rVQ 

-  25 

dB  , 

(2) 

P 

rVT 

=  P 
rVG 

GO 

Cl 

1 

dB  . 

(3) 

frois  causes  contribuent  4  la  difference  d' Energie  reque: 

-  ecart  d’ absorption  non  dilative  voisine  de  8  dB  entre  03  00  et  06  00  TU  (Fig.  5), 

-  dcart  entre  les  pertes  par  reflexion  sur  terre  et  sur  mer  (des  valeurs  moyennes  de 
Rterre  (-3  dB)  et  ^er  (_B>3  dB)  4)  conduisent  dens  le  cas  present  4  une 
difference  de  5  4  8  dB). 

-  perte  par  absorption  aurorale. 

On  trouve  ainsi  une  perte  par  absorption  aurorale  de  12  4  15  dB. 

L’ equation  radar  permet  d’ exprimer  la  puissance  reque  indirectement  sous  la  forme 
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PfcGt  So- 

ind  #rr|  47Ti ^  r  2 


(4) 


avec  les  notations 


r, 


S 


a 


Li,L2 


puissance  dmise 
gain  4  remission 

surface  de  captation  4  la  rdceptior  identique  dans  les  2  directions 
distances  au  point  de  diffusion 
distance  le  long  du  grand  cercle 
surface  responsable  de  la  deviation 

coefficient  rapportd  4  un  dldment  rayonnant  isotropiquement 
coefficients  de  pertes  par  rdflexion,  absorption,  ddfocalisation. 


Pour  de  grandes  distances  dmetteur-rdcepteur  et  de  faibles  retards,  la  (^termination 
de  la  surface  efficace  &  1'  aide  des  courbes  isodistances5  se  simplifie  et  conduit  4  une 
surface  illuminde  large  de  500  kra  et  profonde  d' environ  20  00  km. 


L’ dnergie  reque  directement  par  le  grand  cercle  s’ exprime  sous  la  forme 


rVT 


pt_v, 

4Trr2  ^ 


(5) 


Des  expressions  (4)  et  (5)  nous  ddduisons  le  coefficient  cr 


soit 


a  =  (l±X  h 

PVT  \  r  /  S  ^2 

cr  =  3  -  1,7  +  13,  7  -  28  dB  , 

a  ~  -  13  dB  . 


Le  processus  de  la  ddviation  pour  un  angle  de  23°  est  done  trds  efficace. 


(6) 


3.  TENTATIVE  D’ INTERPRETATION 

Trois  mdcanismes  au  moins  peuvent  §tre  envisagds. 

3.  1  Rdfraction  dans  la  Couche 

On  peut  remarquer  qu’ aux  heures  oil  les  phdnomdnes  sont  observds  (18.00  4  22.00  TML  4 
1’ endroit  oil  se  produit  la  ddviation)  1’ ionosphere  dquatoriale  est  fortement  perturbde. 
Alors  que  les  prdvisions  CRPL  n’  indiquent  pas  de  gradients  Est-Ouest  importants,  des 
donnees  fragmentaires6  montrent  que  dans  la  rdgion  dquatoriale  la  rdpartition  des  hauteurs 
de  bas  de  couche  est  de  forme  conique  (Fig. 6).  Aux  heures  qui  nous  intdressent,  la 
trajectoire  Valensole-Gambier  traverse  ce  cflne  dans  une  rdgion  oil  le  gradient  latdral 
favorise  une  deviation  vers  l’Est.  Un  traitement  sur  calculateur  a  dtd  effectud  4  1’ aide 
d’ un  programme  de  tracd  de  rayons  du  National  Bureau  of  Standards.  On  suppose  que  les 
lignes  d’ dgale  frdquence  critique  f  et  d’  dg ale  hauteur  de  maximum  h  sont  de 
rdvolution  et  que  le  profil  vertical  de  la  couche  est  un  profil  de  Chapman 
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hmax  =  hmax  o  +  Ro  ^  E  {  ^  +  ^}l'2  <»> 

avec  les  notations 

C  (rad-1)  =  coefficient  caractEristique  du  gradient  de  frequence  critique 

E  (deg)  =  gradient  de  hauteur. 

Des  valeurs  moyennes  extraites  de  1* article  de  Villard6  et  des  provisions  CRPL  sont 
les  suivantes: 


fco  =  9  MHz,  hmai  =  450  km 

C  =  -  3  rad'1  (diminution  de  2  MHz  pour  10°  gEocentrique) 

E  =  -  3  deg  (diminution  de  50  km  pour  10°  gEocentrique). 

Le  calcul  a  EtE  effectuE  pour  une  frequence  de  fonctionnement  de  10  MHz  pour  diffErentes 
valeurs  de  1’  Elevation  et  diffErentes  positions  relatives  de  la  trajectoire  par  rapport 
au  cfine.  On  constate  (Tableau  I)  que  les  dEviations  azimutales  par  rEfraction  sont  toujours 
faibles  (en  particulier  pour  les  angles  bas  qui  nous  intEressent)  et  ne  permettent  pas 
d’  interpreter  une  dEviation  de  23°. 


TABLEAU  I 


Angle  d’ incidence 
(degrEs) 

0 

5 

10 

15 

20 

25 

30 

35 

40 

Deviation  azimutale 
(degrEs) 

0,333 

0, 146 

0,  161 

0,211 

0,295 

0,429 

0,653 

1,095 

3,045 

3.2  Energie  DiffusOe  au  Sol 

La  valeur  du  coefficient  a  (~  13  dB)  caractEristique  de  la  dEviation  semble  trop 
ElevEe  pour  avoir  son  origine  dans  une  diffusion  sur  mer  (les  valeurs  trouvEes  sur 
d’ autres  trajectoires5  sont  de  1’  ordre  de  -  22  dB).  A  cet  argument  s’ajoute  le  fait  sur 
les  zones  A  la  surface  du  globe,  dEterminEes  k 1’  aide  du  retard  dans  le  temps  de  transit 
et  de  la  goniomEtrie,  ne  sont  pas  celles  qui  re50ivent  le  maximum  d’  Energie  le  long  de  la 
trajectoire  d' Emission.  Des  enregistrements  systEmatiques  en  rEtrodiffusion  ont  en  effet, 
permis  de  montrer  que  le  maximum  d’ Energie  arrive  au  sol  entre  14.000  et  16.000  km  (Fig.  4). 
Ce  n’ est  done  pas  la  zone  de  rEtrodiffusion  au  sol  correspondant  A  cet  Echo  qui  joue  un 
r(51e.  Cependant,  la  zone  ionosphErique  de  contrdle  correspondante,  situEe  entre  12.000 
et  14.000  km,  est  dans  la  region  d’anomalie  Equatoriale  et  il  est  done  tentant  d’ associer 
k  ces  propagations  en  dehors  du  grand  cercle  des  particularity  de  1’ ionosphere  dans  cette 
region.  Les  heures  auxquelles  les  phEnomEnes  sont  observes  (18.00  A  22.00  TWL  E  1* endroit 
oO  se  produit  la  deviation)  sont  celles  oil  F  diffus  Equatorial  commence  k  se  manifester. 
Ceci  ne  signifie  pas  cependant  que  la  coincidence  horaire  implique  obligatoirement  que 
F  diffus  soit  la  cause  du  phEnomEne  car  on  peut  remarquer  qu’ en  dehors  de  ces  heures 
c’ est  1' absorption  non  dEviative  qui  empEche  la  rEception  (Fig.  5). 
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3.3  Deviation  par  des  IrrAgulari tAs  dans  la  Couche  F 

Si  on  considAre  la  diffusion  par  des  irrAgularitAs  alignAes  le  long  du  champ  magnAtique 
dont  la  fonction  d’  autocorrelation  est  de  la  forme8 

P(x.y.z)  =  e  2  't2 

La  section  efficace  de  diffusion  dans  la  direction  lJt  m2  ,  n2  pour  une  onde  incidente 
venant  de  la  direction  l {  est  de  la  forme 

a  =  Ke  -  (k2/2){(I2  ♦  m2)  T2  ♦  n2L2}  _  Ke  -  k2  (T2/2 )  (l 2  ♦  m2  +  nV)  (W) 

dans  un  systAme  oCi  Oz  est  parallAle  au  champ  magnAtique,  avec 

*  = 

m  =  m2  -  m1  A  =  l2  +  ra2  +  n2Q2 

n  =  n2  -  nj  B  =  k2T2/2  =  2tt2  (T/A.)2  . 

Q  =  L/T 


Le  facteur  A  contient  1* influence  de  la  direction  et  de  1’  "excentricitA”  Q  de 
1’  irrdgularitd  alors  que  la  facteur  B  contient  1’  influence  de  la  taille  T  de 
1* irregularity  et  celle  de  la  frequence  de  l’onde  diffractAe.  Le  calcul  a  AtA  effectuA 
pour  des  deviations  de  -  80  degrAs  A  +  80  degrAs,  par  rapport  A  la  direction  incidente 
et  pour  des  zones  de  recuperation  au  sol  distantes  de  100  A  2000  km  du  point  de  diffusion. 
La  station  de  Tahiti  etant  situAe  A  environ  4000  km  de  la  zone  de  diffusion,  on  suppose 
que  la  propagation  se  fait  en  un  bond  et  demi  aprAs  diffusion. 

Pour  un  angle  entre  la  direction  d’arrivee  et  le  champ  magnAtique  de  40°  et  un  angle 
de  deviation  de  23°  les  attenuations  ont  AtA  calculAes  pour  T/k  =  1  (Tableau  II). 


TABLEAU  II 


Q 

- 1 

1 

✓  (10) 

10 

Att(dB) 

10 

60 

60) 

La  valeur  expArimentale  de  1' affaiblisseraent  conduit  A  des  modules  d’ irrAgularitAs 
d’ une  centaine  de  mAtres  de  longueur. 


4.  CONCLUSION 

Des  deviations  importantes  observAes  au  niveau  de  1’  Aquateur  magnAtique  sur  des 
propagations  transAquatoriales  ne  peuvent  Atre  interprAtAes  ni  par  un  mAcanisme  de  deviation 
latArale  par  refraction,  ni  par  un  mAcanisme  de  diffusion  A  la  surface  de  la  mer. 

L’ existence  de  F  diffus  equatorial  aux  heures  oA  ces  phAnomAnes  sont  observAs  rend 
plausible  un  mAcanisme  de  diffusion  par  des  irrAgularitAs  alignAes  dont  la  longueur  serait 
de  l'ordre  de  100  mAtres. 
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RAY  TRACING  OVER  A  TRANSEQUATORI AL  PATH 

by 

N.  C.  Gerson 

Syracuse  University  Research  Corporation 


SUMMARY 


Ray-tracing  procedures  including  the  magnetic  field  were  employed  to 
clarify  the  mechanism  of  transequatorial  propagation  (i.e.,  the  anomalous 
VHF  propagation  across  the  equator  to  distances  of  6000  -  11,000  km  without 
intervening  ground  reflection).  The  basic  data  employed  were  (a)  41  MHz 
backscatter  soundings  .south  from  Mayaguez,  Puerto  Rico,  and  (b)  vertical 
incidence  observations  along  75°W  converted  into  electron  density  versus 
true  height  profiles.  For  the  analysis,  data  from  both  sources  obtained 
during  the  same  ten-day  interval  were  examined. 

Insofar  as  rays  refracted  from  the  F-layer  are  concerned  the  usual 
effects  were  found:  skip  and  horizon  focusing,  pre-dawn  blackout  (0200  - 
0600  LST) ,  escape  of  all  rays  launched  above  18°  irrespective  of  time  of 
day,  diurnal  variation  in  Pedersen  ray  propagation  distances,  etc.  Calcu¬ 
lated  rays  attaining  transequatorial  echo  (TE)  distances  (6000  -  11,000  km) 
occurred  at  0800  1ST,  1600  -  2000  1ST  and  2400  LST.  Ray  trapping  to 
distances  exceeding  11,000  km  were  present  at  0800  1ST  and  1400  -  2400  LST. 

Qualitative  but  not  quantitative  agreement  between  TE  observations  and 
TE  calculated  ray  paths  was  found.  While  specific  hours  and  distances  did 
not  correlate  well,  the  general  features  of  TE  nevertheless  were  clarified. 
The  calculations  indicated  that  rays  launched  within  9°  of  the  horizon 
southward  across  the  (magnetic)  equator  were  responsible  for  TE  propagation. 
The  half-range  TE  echo  that  precedes  the  evening  full-range  TE  echo  seems  to 
arise  from  an  extension  of  the  Pedersen  ray  distance  at  this  time.  Signal 
flutter  may  then  arise  because  of  interference  between  the  Pedersen  and 
TE  modes. 

The  primary  mechanism  responsible  for  TE  seems  to  be  a  ducting  or 
trapping  condition  in  the  ionosphere.  For  a  ground- launched  ray  to 
propagate  to  TE  distances,  two  requirements  must  be  satisfied: 

(a)  vertical  electron  gradient  propitious  for  duct  formation, 

(b)  horizontal  electron  gradient  allowing  refraction  of  the  ray  into  the 

duct. 

TE  seems  to  occur  at  0800  LST  because  the  latter  condition  rather 
quickly  appears  near  20°N  geomagnetic  latitude,  probably  because  of  the 
rapid  increase  in  the  post-sunrise  electron  density.  The  strong  horizontal 
gradient  disappears  and  does  not  reappear  until  late  afternoon,  possibly 
because  of  an  atmospheric  expansion. 

A  possible  model  allowing  TE  thus  would  be  as  follows.  Between  0200  - 
0600  LST,  insufficient  electron  density  occurs  in  the  ionosphere  to 
appreciably  affect  41  MHz.  At  0800  LST  ionospheric  trapping  conditions 
have  formed  already.  A  sufficient  horizontal  gradient  exists  to  allow  a 
ground-launched  ray  to  be  refracted  into  the  duct.  After  1000  LST  the 
horizontal  gradient  disappears,  although  trapping  conditions  still  exist. 
During  the  late  afternoon  the  horizontal  gradient  reforms,  permitting  TE. 

The  results  imply  that  more  TE  would  be  observed  at  lower  frequencies 
and  with  lower  launch  angles. 
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RAY  TRACING  OVER  A  TRANSEQUATORIAL  PATH 

N.  C.  Gerson 


1.  INTRODUCTION 

This  study  was  undertaken  in  an  effort  to  better  define  the  propagation  mechanism 
responsible  for  transequatorial  propagation.  For  this  purpose  a  direct  comparison  was  made 
between  calculated  ionospheric  ray  paths  and  backscatter  observations.  The  basic  data 
(e.g..  (a)  the  vertical  incidence  soundings  employed  in  the  calculation,  and  (b)  the 
oblique  backscatter  echoes)  were  obtained  during  the  same  time  period  and  over  the  same 
geographic  area. 

The  backscatter  observations  were  made  from  Mayaguez,  Puerto  Rico,  at  41  MHz  (Ref. 1). 
The  antenna  provided  an  80°  horizontal  beamwidth  with  a  launch  of  about  5°  above  the 
horizon.  The  computations  were  based  on  a  frequency  of  40  MHz,  and  rays  were  traced  at 
launch  angles  of  0°-19°  at  one-degree  intervals.  Thus,  the  elevation  angles  of  the  rays 
bracket  all  reasonable  launch  angles  encountered  in  practice. 


2.  RAY- TRACING  PROCEDURE 

The  ray-tracing  program  utilizes  spherical  coordinates  with  the  origin  at  the  center 
of  an  assumed  spherical  earth  (Budden2,  Haselgrove3) .  In  spherical  coordinates  the 
refractive  index  p.  =  n(r,8,<t),€r,  ,<^)  where  £r,  £e,  ^  are  the  direction  cosines 

of  the  wave  normal  along  the  r,  6,  cp  directions. 

The  program  utilized  was  that  prepared  by  Langworthy11,  as  summarized  by  Gerson  and 
Geddes5. 

Hamilton’s  six  equations  provided  only  five  independent  relationships,  since  the  sum 
of  the  squares  of  the  direction  cosines  equals  unity.  In  the  computations  all  six 
equations  were  utilized  because  the  sum  of  the  squares  of  the  direction  cosines  as  cal¬ 
culated  did  not  exactly  equal  unity.  The  procedure  adopted  summed  these  squares  and  then 
scaled  each  so  that  the  sum  of  the  squares  with  the  scaled  direction  cosines  equalled 
unity. 

Inasmuch  as  the  computations  are  made  along  a  magnetic  meridian  the  cyclotron 
frequency  wH  =  o)H(r,0)  and  the  electron  density  n  =  n(r,(?)  .  Note  that 
co  -  2rrf  =  constant,  since  f  =  40  MHz  .  The  phase  refractive  index  /x  is  obtained  from 
the  magnetoionic  equation. 


3.  BACKSCATTER  OBSERVATIONS 
3.1  Distribution  with  Range 

Backscatter  results  at  41  MHz  during  March  1958  are  plotted  in  terms  of  the  number 
of  quarter-hours  during  which  returns  were  obtained.  The  total  possible  number  =  2976. 

The  distribution  with  range  (Fig.l)  shows  the  expected  peak  of  returns  via  the 
F2- layer  between  2500-5200  km.  A  secondary  peak  between  6100-8000  km  arises  because  of  TE. 
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Maximum  occurrence  percentages  are  27%  between  3900-4000  km  and  4%  between  7100-7300  km. 

Of  the  total  number  of  returns,  those  from  the  F2-layer  constitute  about  80%,  from  TE 
about  16%  and  from  sporadic-E  about  4%.  The  ratio  of  echoes  via  the  F2-layer,  TE,  and 
sporadic-E  thus  is  as  100/20/25. 

3.2  Distribution  with  Azimuth 

The  number  of  quarter-hours  containing  returns  versus  geographical  azimuth  is  dis¬ 
played  in  Figure  2.  Returns  are  categorized  in  fiye  groupings;  01,  0-700  km;  02,  800  to 
2400  km;  03,  2500  to  5200  km;  04,  5300  to  6000  km;  05,  6100  to  8000  km.  These  categories 
are  considered  to  correspond,  respectively,  to  returns  arising  via  the  propagation 
mechanisms  of  (a)  tropospheric  superrefraction;  (b)  sporadic-E;  (c)  F2-layer;  (d)  double-hop 
F2;  and  (e)  transequator ial. 

Figure  2  reveals  that  the  great  majority  of  echoes,  as  evidenced  by  the  total  curve, 
arises  from  southerly  quadrants  between  90°-180°-270°.  Similar  conclusions  may  be  found 
for  returns  allowed  by  sporadic-E  (category  02),  the  F2-layer  (category  03),  and  TE 
category  05).  Returns  via  meteorological  superrefraction;  important  in  other  months,  seem 
negligible  in  March.  Those  from  double-hop  F2-layer  reflections  are  few  and  appear  primarily 
from  the  East  and  West. 

3.3  Diurnal  Variations 

The  variation  in  number  of  quarter-hours  containing  returns  versus  time  of  day  is 
portrayed  in  Figure  3.  The  characteristic  behavior  in  the  F2  returns  is  very  evident: 

(a)  the  pre-dawn  blackout  (0200-0600  1ST) ;  (b)  the  maximum  near  noon;  (c)  the  dip  or  bite- 
out  caused  by  absorption  (1300-1600  LST);  (d)  the  secondary  evening  maximum  (1700  LST); 
and  (e)  the  general  decrease  in  returns  after  sunset. 

Echoes  obtained  via  TE  also  are  typical:  (a)  a  minor  maximum  around  0800  LST;  (b)  a 
strong  maximum  between  1600-2300  1ST;  (c)  the  peak  at  1800  LST  'ollowed  by  a  decrease  to 
insignificance  by  2300  LST.  As  noted  previously  (Gerson  and  Geddes6,5)  an  afternoon 
minimum  near  1400  LST  followed  by  a  rise  to  a  maximum  near  1700-1800  LST  seems  common  to 
both  the  F2  and  TE  echoes.  At  1700  LST,  returns  via  TE  are  two-thirds  those  occurring 
via  F2  reflections  and  at  2100  1ST  only  slightly  less. 

3.4  Transequatorial  Echo  Backscatter  during  22-31  March  1958 

A  summary  of  the  echoes  received  via  TE  during  22-31  March  1958  is  tabulated  in 
Table  I.  The  variation  in  percentage  occurrence  with  local  time  is  somewhat  similar  to 
that  found  for  the  entire  month  (Fig. 3).  However,  a  number  of  differences  are  present. 

The  minor  maximum  at  0800  LST  found  in  Figure  3  for  the  monthly  data  is  not  sharply 
evident  although  a  semblance  of  a  secondary  maximum  appears  at  0900  LST. 

Results  for  22-31  March  1958  reveal  a  broad  maximum  exceeding  50%  occurrence  from 
1100-2300  LST  with  a  plateau  of  70%  occurrence  from  1200-1700  LST.  At  0900  LST  the  per¬ 
centage  also  is  50%.  The  daily  minimum  (30%  occurrence)  exists  from  0300-0800  LST.  For 
the  entire  ten-day  period,  as  a  whole,  the  average  occurrence  was  50%.  The  F2  and  TE 
returns  obtained  only  during  this  ten-day  interval  will  be  compared  with  the  ray  tracings 
which  were  based  on  vertical  incidence  data  obtained  for  the  same  period. 

3.5  Summary  of  Backscatter  Observations 

All  propagation  modes  display  their  individual  peculiarities.  TE  reveals  its  marked 
predilection  for  the  equinoctial  evening,  its  abrupt  termination  near  2300  LST  and  its 
minor  maximization  near  0800-0900  LST.  Echoes  via  the  F2-layer  attain  a  peak  at  1300  1ST 
and  1700  LST  (with  a  valley  between)  and  display  the  typical  pre-dawn  blackout  between 
0200-0600  LST.  The  afternoon  decrease  in  occurrence  that  takes  place  for  both  the  F2  and 
TE  echoes  may  arise  from  the  same  cause  (midday  absorption)  or  may  arise  from  different 
causes.  However,  the  rise  in  number  of  echoes  peaking  near  1600-1700  LST  for  both  almost 
suggests  a  single  mechanism.  In  terms  of  range,  the  few  sporadic-E  returns  seem  mainly 
confined  to  800-2400  km,  F2-layer  returns  between  2500-5200  km  and  the  TE  returns  between 
6100-8000  km. 
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4.  ELECTRON  CONCENTRATION  VERSUS  ALTITUDE 

Vertical  incidence  critical  frequencies  measured  from  eleven  sites  between  39°N-37°S 
near  the  75°W  meridian  were  utilized.  The  data  were  obtained  during  22-31  March  1958,  an 
ionospherically  quiet  period  close  to  the  maximum  of  the  aolar  cycle.  The  vertical 
incidence  soundings  provide  no  information  above  the  F2-layer  maximum.  Electron  densities 
above  this  altitude  were  extrapolated  in  accordance  with  a  standard  model  which  agrees 
with  available  data  on  the  topside  F-region.  From  the  hourly  profiles  along  the  meridian, 
average  hourly  electron  densities  along  each  10  km  level  from  110-990  km,  inclusive,  were 
derived. 

The  overall  behavior  of  the  equatorial  ionosphere  (Wright7)  is  depicted  in  Figures  4 
and  5  for  the  hours  0600-1200  LST  and  1600-2200  LST,  respectively.  The  graphs  give  the 
distribution  of  plasma  frequency  versus  altitude  and  latitude. 

The  diagrams  show  a  number  of  interesting  details.  First  and  perhaps  mos*  striking 
is  the  great  height  of  the  F2  peak  electron  density  in  the  immediate  vicinity  of  the  geo¬ 
magnetic  equator.  The  altitude  of  the  peak  usually  lies  between  300-500  km  but  extensions 
to  600  km  or  more  are  not  uncommon  between  1400-2000  LST.  The  high  altitudes  are  regularly 
attained  between  0900-2000  LST  at  all  seasons.  Between  2200-2400-0500  LST  the  shape  of  the 
isopleth  (for  the  maximum  F2-layer  electron  density)  differs  from  that  found  outside  these 
hours.  Between  0500-2200  LST  this  isopleth  is  higher  over  the  geomagnetic  equator  and 
lower  at  other  latitudes.  However,  from  2200-2400-0500  LST  the  reverse  occurs:  the 
isopleth  (of  F2  electron  density  maximum)  is  lower  over  the  geomagnetic  equator  than  else¬ 
where.  Also,  at  1900  1ST,  after  the  disappearance  of  the  E-layer,  a  rapid  rise  takes 
place  in  the  altitude  of  the  F2-layer.  An  equally  rapid  descent  in  height  occurs  after 
2100  LST. 

Another  remarkable  aspect  of  the  equatorial  ionosphere  is  the  high  election  dcrrlty 
which  occurs  spatially  within  geomagnetic  latitudes  ±15°  between  1200-2400-0400  LST. 

Global  ionospheric  data  reveal  latitudinal  maxima  in  electron  densities  north  and  south 
of  the  equator.  Whether  such  symmetry  was  present  in  March  1958  is  unknown,  since  no  ob¬ 
servations  were  available  near  15°  at  this  time.  The  asymmetry  found  in  the  figures  near 
15°S  may  be  fictitious,  although  those  at  *8°  and  ±25°  (geomagnetic)  seem  real. 

Ionospherically,  the  zone  between  ±15°  geomagnetic  latitude  is  of  considerable 
interest.  It  contains  the  highest  vertical  incidence  critical  frequencies  of  any  measured 
on  the  planet.  A  significant  daily  enhancement  in  electron  density  takes  place  at  15°N 
(near  1200  LST).  The  enhancement  increases  slowly  with  time  but  then  quickly  attains  a 
diurnal  maximum  near  2000  LST.  At  this  hour  the  equatorial  F-region  begins  to  fall 
rapidly.  The  enhanced  ionization  at  15°N  decays  slowly  after  2000  LST  but  the  maximum 
near  15°N  still  seems  discernible  at  0300  LST.  This  behavior  of  the  F2-region  with  respect 
to  that  at  other  locations  is  anomalous.  It  undoubtedly  arises  because  of  the  strong 
influence  of  the  equatorial  geomagnetic  field  whose  direction  is  practically  horizontal 
in  this  area. 


5.  CALCULATED  RAY  PATHS 
5. 1  Procedures 

Ray  paths  for  both  the  ordinary  and  extraordinary  modes  were  computed  for  every  two 
hours  of  the  day  and  for  each  degree  of  elevation  angle  from  0°  (horizontal  launch)  to 
19°  above  the  horizon.  The  corresponding  rays  are  numbered  1  to  20,  respectively.  The 
graphs  obtained  (Gerson  and  Geddes5)  provide  a  representation  of  rays  launched  from 
Mayaguez  (latitude  18°N  or  colatitude  72°)  south  along  75°  longitude.  In  all  instances 
rays  launched  at  19°  escaped  through  the  ionosphere. 
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A  number  of  distinct  classes  of  ray  paths  may  be  noted  on  the  graphs.  For  example, 
there  are  rays  which  (a)  escape  from  the  ionosphere  after  only  relatively  minor  refraction, 

(b)  refract  from  the  F2-layer  at  least  once  and  return  to  the  ground;  (c)  become  trapped 
on  intruding  into  the  F2-layer  and  propagate  without  intervening  ground  reflections  over 
large  latitudinal  distances.  Various  combinations  of  these  three  basic  types  may  appear; 
e.g. ,  trapping  after  one  ground  reflection,  escape  from  a  trapped  path,  escape  after  one 
or  more  F2-layer  and  ground  reflections,  etc.  All  rays  coming  within  30  km  of  the  ground 
are  considered  to  be  reflected  from  the  ground. 

Some  studies  (Grossi  and  Langworthy8)  indicate  that  ground- launched  rays  can  be 
trapped  in  the  ionosphere  only  with  difficulty.  Chordal  reflections  require  that  a  ray 
impinge  on  the  ionosphere  at  an  angle  of  incidence  greater  than  83°.  Rays  leaving  the 
ground  could  hardly  meet  this  geometric  criterion  unless  some  prior  refraction  occurs. 

The  strong  horizontal  gradients  of  electron  density  found  in  equatorial  or  polar  regions 
or  within  sporadic-E  can  provide  the  refraction  needed. 

5.2  Ray  Paths 

Computed  ray  paths  for  the  ordinary  ray  at  launch  angles  of  0°-19°  inclusive  in  one- 
degree  increments  are  illustrated  in  Figures  6  and  7  for  hours  of  0600-1200  LST  and 
1600-2200  LST  respectively.  When  the  rays  attained  an  altitude  of  500  km  the  computations 
were  terminated,  so  that  rays  launched  between  16°-18°  above  the  horizon  may  have  been 
somewhat  more  refracted  than  shown.  Of  these  rays  the  only  one  whose  path  may  be  doubtful 
is  the  17°  ray  at  1600-2000  LST. 

The  figures  evince  a  number  of  interesting  details,  some  of  which  may  be  quickly 
summarized.  Elevation  angles  above  which  rays  escape  are  tabulated  in  Table  II.  With  a 
few  exceptions  ordinary  and  extraordinary  rays  behave  similarly,  but  are  by  no  means 
congruent.  Although  all  comments  apply  to  the  ordinary  ray,  they  usually  also  hold  for 
the  extraordinary. 

The  calculations  for  40  MHz  rays  launched  southwards  from  Mayaguez  at  elevation 
angles  between  1°  and  19°  show  the  following  features  (note  that  one  degree  (latitude)  = 

111  km): 

(a)  Skip  distance  focusing  is  found  in  practically  all  cases. 

(b)  Horizon  (low  launch  angle)  focusing  is  found  in  practically  all  cases. 

(c)  All  rays  escape  between  0200-0600  LST. 

(d)  Pederson  rays  occur  on  a  fair  number  of  occasions,  e.g.,  at  1000,  1400,  1300, 

2000  and  2200  LST.  At  2000  LST  the  second  hop  of  the  ray  launched  at  10° 
becomes  a  Pederson  ray. 

(e)  The  ordinary  ray  seems  more  susceptible  to  changes  in  the  electron  density  than 
does  the  extraordinary.  The  range  of  the  Pederson  or  high-angle  ray  is  more 
pronounced  and  the  trajectory  gyrations  are  greater.  Occasionally  (1800  LST) 
the  ordinary  ray  shows  a  IE  reflection  whereas  the  extraordinary  ray  does  not. 

(f)  Rays  encountering  a  single  reflection  from  the  F2-layer  reach  the  ground 
principally  between  distances  of  2310-4840  km.  Distances  attained  by  the 
Pederson  ray  are  about  4730-5500  km. 

(g)  A  goodly  number  of  rays  escape  after  one  F2-layer  reflection  (at  0800  LST  and 
between  1400-2400  LST). 

(h)  A  small  number  of  rays  escape  after  two  F2-layer  reflections  (between 
0800-1000  LST  and  at  1400  LST,  2000  LST  and  2400  LST). 
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(i)  Some  rays  portray  unusual  trajectories  because  of  the  peculiar  combination  of 
launch  angle  and  existing  electron  density  profiles  (at  1000  LST  and 
1600-2000  LST). 

(j)  Some  trapping  (allowing  rays  to  propagate  to  distances  exceeding  11.000  km 
without  intervening  ground  reflections)  occurs  (a)  at  0800  LST  and  (b)  between 
1400-2400  LST.  (Computations  cease  at  11,000  km  south  so  that  where  the  rays 
ultimately  touched  the  ground,  if  at  all,  is  not  known  (see  (Table  III). 

(k)  Trapping  after  a  normal  reflection  from  the  F2- layer  occurs  to  various  degrees 
between  0800-2400  LST.  To  a  much  smaller  extent  trapping  also  is  found  after 
two  reflections  from  the  F2-layer. 

(l)  The  diurnal  variation  of  trapping  shows  a  maximum  occurrence  at  1800-2000  LST. 

At  these  hours  the  number  of  trapped  rays  is  a  maximum. 

(m)  Trapped  rays  attaining  TE  distances  (6100-8000  km  or  colatitudes  of  128°-145°) 
without  an  intervening  ground  reflection  occur  at  0800  LST  and  possibly 
1600-2000  LST  and  2400  LST  (see  Table  IV).  These  calculated  time  and  range 
characteristics  are  very  similar  to  those  describing  TE. 

(n)  The  distance  spanned  by  Pederson  rays  expands  considerably  at  1400  LST  -  1600  LST, 
becoming  4600-4800  km  (from  about  2860-3000  km  before  and  after  these  hours). 
Echoes  from  this  mechanism  seem  remarkably  similar  to  the  half-range  TE  which 
often  appears  one  to  two  hours  prior  to  full-range  TE  propagation. 

*  DISCUSSION 

6. 1  Comparison 

The  ray  tracings  depict  the  single-hop  F2  reflections  fairly  well.  Figure  1  (based 
upon  backscatter  returns  for  the  entire  month  of  March  1958)  shows  that  most  F2  returns 
occur  between  2500-5000  km.  Computed  distances  for  this  mode  range  between  2300-5500  km 
although  at  the  greater  ranges  some  contamination  arises  from  double-hop  F2  echoes.  For 
example,  at  0800  LST  the  computed  separation  between  single-hop  returns  is  about  1320  km. 
and  at  1000  LST  only  about  220  km.  It  therefore  would  seem  that  the  observed  F2  returns 
between  2100-6000  km  may  be  divided  into  single-hop  returns  (between  2100-3700  km)  and 
mainly  double-hop  returns  (between  4800-6000  km). 

Table  V  summarizes  TE  predicted  rays  and  the  observed  backscatter  results.  It  reveals 
only  fair  agreement  between  the  tracings  and  the  TE  backscatter  observations.  TE  is 
predicted  between  1600-2000  LSI  inclusive;  percentage  occurrences  are  70-60%  during  this 
interval.  However,  TE  was  also  predicted  at  2400  LST  and  0800  LST  when  observances  are 
only  40%  and  30%  respectively.  Furthermore,  at  1200  LST  and  1400  LST  when  occurrences 
are  70%,  and  at  2200  LST  when  occurrences  are  60%  no  TE  is  predicted. 

On  an  overall  basis,  the  ray  tracings  are  conservative.  More  TE  echoes  are  observed 
than  predicted.  The  discrepancy  may,  perhaps,  stem  from  (a)  the  poor  spatial  resolution 
in  the  vertical  incidence  ionospheric  data  and  (b)  the  neglect  of  probable  East-West 
F2-layer  ion  gradients  (tilts).  Earlier  analysis  (Gerson  and  Geddes6)  revealed  the 
presence  of  F2-layer  tilts  whose  magnitudes  and  orientations  were  a  function  of  time  of 
day.  Obviously  a  strong  East-West  electron  density  gradient  can  markedly  deflect  a  radio 
ray  out  of  the  great-circle  plane. 

Several  comments  may  be  made  relative  to  the  probably  predicted  TE  return  at  0800  LST. 
The  observations  (Tables  I  and  II)  indicate  an  actual  occurrence  of  30%.  At  0900  LST, 
however,  the  actual  occurrence  was  50%,  dropping  to  40%  at  1000  LST.  Thus,  there  is 
qualitative  agreement  between  observation  and  prediction  in  that  a  post- sunrise  increase 
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in  TE  is  predicted  and  observed.  The  duration  of  the  predicted  and  observed  increase  in 
TE  is  one  hour  (0800  LST  and  0900  LST,  respectively).  It  is  interesting  to  note  that, 
during  the  more  extensive  analysis  of  41  MHz  backscatter  returns,  a  minor  increase  in  TE 
was  found  at  0800  LST  (Gerson  and  Geddes6). 

While  the  predictions  are  conservative  they  provide  an  insight  into  mechanisms 
probably  responsible  for  TE.  The  North-South  distance  of  6100-8000  km  at  one  hop  arises 
because  of  ionospheric  trapping,  as  shown  in  Figures  6  and  7.  Trapping  occurs  most 
frequently  during  the  evening  hours,  as  summarized  in  Tables  II  and  V.  A  trapped  mode 
is  not  necessarily  consistent  with  the  trapezoidal  or  equatorial  bulge  model.  It  occurs 
when  ionospheric  ducting  conditions  are  present,  provided  a  refractivity  discontinuity 
refracts  the  ray  into  the  duct.  Thus  trapped  modes  may  occur  at  many  locations  on  the 
planet  as  noted  by  Gerso.v  ,  Grossi  and  Smith10  and  others.  There  is  an  increasing  amount 
of  experimental  evidence  indicating  their  existence. 

6. 2  Mechanisms 

Together  with  the  ray  tracings  (Figs. 6  and  7)  the  electron  density  versus  altitude 
profiles  (Figs. 4  and  5)  reveal  the  propagation  mechanisms  involved.  They  may  be  clarified 
as  follows: 

(a)  0200-0600  LST.  The  plasma  frequency  of  the  F2- layer  is  too  low  to  refract  the 
wave  appreciably.  A  gradual  increase  in  the  horizontal  gradient  of  plasma 
frequency  occurs  along  20°N  geomagnetic.  It  is  insufficient  to  affect  40  MHz 
but  may  affect  a  lower  frequency. 

(b)  0800  LST.  The  plasma  frequency  has  increased  sufficiently  in  the  post¬ 

sunrise  period  and  the  horizontal  electron  density  gradient  has  increased  so 
that  40  MHz  waves  may  be  trapped. 

(c)  1000-1600  LST.  The  plasma  frequency  at  the  maximum  of  the  layer  remains  fairly 
constant  near  14  MHz.  The  gradient,  however,  has  weakened  and  is  not  as  strong 
as  it  was  at  0800  LST.  Presumably  the  weakening  of  the  gradient  does  not  now 
permit  refraction  into  a  duct,  if  one  exists. 

(d)  1800-2400  LST.  Plasma  frequencies  increase  from  17  MHz  at  1800  LST  to  20  MHz 
at  2000  1ST  and  then  weaken  to  15  MHz  at  2400  LST.  However,  intense  horizontal 
gradients  develop,  beginning  at  1800  LST  and  becoming  extreme  at  2000-2400  LST. 
During  this  time  period  diurnal  conditions  are  most  optimum  for  deflection  and 
trapping  of  the  ray  into  an  ionospheric  duct. 

The  above  analysis  indicates  that  the  marked  horizontal  gradients  in  electron  density 
near  20°N  geomagnetic  probably  are  responsible  for  injecting  a  radio  ray  into  an  ionospheric 
duct.  The  gradients  are  most  intense  near  0800  LST  and  between  1800-2200  LST.  For  lower 
frequencies,  correspondingly  strong  gradients  are  present  for  a  greater  number  of  hours  of 
the  day.  These  gradients  are  located  about  10°  south  of  the  observing  site  -  near  20°N 
geomagnetic  or  8°N  geographic.  For  a  trapped  ray  to  be  ejected  from  the  duct  an  appropriate 
electron  density  gradient  would  be  needed  between  28°S-55°S  geographic. 

The  analysis  reveals  qualitative  rather  than  quantitative  agreement.  The  tracings 
indicate  TE  at  1600-2000  LST  and  2400  LST.  Observed  occurrences  are  60%  or  more  from 
1200-1800  LST  and  2100-2200  LST.  The  appearance  of  the  short  range  TE  return  (Dueno1)  at 
1400-1600  LST  seems  to  result  from  the  rather  sudden,  pronounced  range  extension  of  the 
Pederson  ray  at  this  time.  The  effect  may  be  associated  with  the  increase  in  altitude  and 
electron  density  «f  the  afternoon  equatorial  ionosphere. 

The  traces  also  show  that  trapping  in  ionospheric  ducts  to  distances  exceeding 
11,000  Km  are  predicted  at  0800  LST  and  1400-2400  LST  (see  Table  III).  It  is  interesting 
to  note  that  these  predicted  ionospheric  ducting  conditions  correlate  with  the  observed  TE 
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occurrences  much  better  than  do  the  predicted  TE  conditions.  One  explanation  may  be  that 
TE  is  but  one  manifestation  of  a  more  widespread  North-South  ionospheric  ducting  condition 
that  occurs  across  the  geomagnetic  equator  because  of  the  propitious  equinoctial  geometry. 
Secondly,  the  relatively  poor  spatial  resolution  in  the  electron  density  versus  true  height 
profiles  may  effectively  "transform"  TE  rays  into  very  long  distance  ducted  rays.  It  is 
felt  that  the  first  suggestion  is  the  more  probable, 

6.3  Launch  Angles 

The  launch  angle  of  the  trapped  rays  is  confined  between  0°-9°  (see  Table  III).  At 
1400  LST  and  1600  LST  the  ray  bundle  comprises  those  launched  between  5°-7°.  The  bundle 
increases  its  vertical  beamwidth  to  2°-9°  at  1800  LST,  after  which  it  contracts  rapidly 
and  lowers  to  the  horizon.  At  2400  LST  the  ducted  rays  are  at  0°-l°. 

Several  comments  may  be  made  relative  to  (a)  the  launch  angle  of  the  rays  on  the  one 
hand  and  (b)  ITS  and  ionospheric  ducting  conditions  on  the  other  (Tables  III  and  IV).  In 
both  latter  instances,  the  long  distance  rays  are  launched  close  to  the  horizon  -  below  9°. 
It  would  seem  that  more  TE  and  ionospheric  trapping  may  be  encountered  in  practice  if  the 
attenna  launch  angle  is  depressed  and  optimized  to  within  8°-9°  of  the  horizon.  Under 
these  conditions  more  energy  should  be  channelled  into  the  ionospheric  mechanisms, 
permitting  TE  and  trapping. 

It  is  also  possible  that  a  lower  launch  angle  permits  a  greater  range  for  a  TE  or 
ducted  ray.  In  this  connection,  Gerson  and  Geddes6  noted  that  TE  ranges  at  50  MHz  were 
always  greater  than  those  at  41  MHz.  During  the  experiment  the  launch  angle  at  50  MHz 
was  several  degrees  lower  than  that  at  41  MHz. 

6.4  Altitude  of  Trapped  Rays 

Noticeable  changes  in  the  character  of  the  calculated  ray  distributions  occur  after 
1000  LST.  Between  0200-0600  LST  all  rays  escape,  and  at  0800  LST  most  rays  still  escape. 
From  1000  LST  onwards  more  and  more  rays  are  multiply  reflected  between  the  surface  and 
280  km.  Thus,  the  energy  flux  within  this  280  km  ground  based  stratum  increases  and 
becomes  more  uniform  with  altitude.  It  remains  so  until  about  2200  LST  for  both  the 
ordinary  and  extraordinary  rays.  There  is  little  doubt  that  this  condition  becomes 
emphasized  at  lower  frequencies  -  down  to  about  10  MHz.  For  some  purposes  (e.g.,  long 
range  communications)  this  condition,  which  is  controlled  by  the  vertical  antenna  pattern, 
may  be  very  useful. 

The  trapped  rays,  which  occur  at  0800  LST  and  1400-2400  LST  seem  constrained  between 
70-250  km.  They  were  found  to  propagate  to  distances  of  11,000  km  -  the  maximum  range 
considered  in  the  computations. 


7.  CONCLUSIONS 
7. 1  General 

This  investigation  compares  40  MHz  calculated  ray  paths  and  41  MHz  backscatter  ob¬ 
servations.  For  the  former  a  ray-tracing  program  including  the  terrestrial  magnetic  field 
was  utilized.  The  program  employed  as  input  hourly  electron  density  versus  true  height 
profiles  (to  an  altitude  of  500  km)  from  about  20°N  to  76°S.  The  original  vertical  in¬ 
cidence  ionosonde  data  (from  which  the  profiles  were  derived)  were  obtained  during  a 
ten-day  period  in  March  1958.  Comparison  is  made  with  backscatter  sounding  from  Mayaguez, 
Puerto  Rico,  obtained  during  the  same  ten-day  period. 

Rays  were  traced  southward  at  launch  angles  of  0°-19o,  inclusive,  in  one-degree 
increments.  Conclusions  from  the  analysis  are  given  in  the  following  sections. 
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7. 2  F2-Layer  Effects 

The  normally  expected  F2-layer  effects  are  very  much  in  evidence; 

(a)  Skip  distance  focusing. 

(b)  Horizon  (low  launch  angle)  focusing, 

(c)  Numerous  Pederson  ray  occurrences. 

(d)  Total  ray  escape  (pre-dawn  blackout  between  0200-0600  LST) . 

(e)  Maximum  energy  retention  (between  the  F2-layer  and  ground)  between  1200-1800  LST. 

(f)  Greater  sensitivity  of  the  ordinary  than  extraordinary  ray  to  electron  density 
variations, 

(g)  Escape  of  all  rays  irrespective  of  time  of  day  emitted  at  launch  angles  of  18° 
or  more. 

(h)  One-hop  distances  to  2310-4840  km. 

(i)  Pederson  ray  distances  to  4730-5600  km. 

(j)  Marked  expansion  of  Pederson  ray  distances  at  1400-1600  LST. 

7.  3  IJnusual  Ray  Paths 

A  number  of  unexpected,  interesting  ray  trajectories  occur  p.fter  F2-layer  reflection: 

(a)  Fairly  frequent  ray  escape  after  one  ground  reflection  (0800  LST;  1400-2400  LST). 

(b)  Some  ray  escape  after  two  ground  reflections. 

7.4  Ray  Trapping 

The  results  show  an  unexpectedly  high  occurrence  of  ray  trapping  conditions; 

(a)  Unusual  trajectories  (1000  LST;  1600-2000  LST). 

(b)  Ray  trapping  to  11,000  km  or  greater  (0800  LST;  1400-2400  LST). 

(c)  Ray  trapping  after  one  or  more  ground  reflections  (0800-2400  LST). 

(d)  Maximum  trapping  occurrence  between  1800-2000  LST. 

(e)  Escape  from  a  trapped  mode  at  TE  distance  at  0800  LST;  1600-2000  LST  and 
2400  LST. 

(f)  Trapped  rays  constrained  between  70-250  km. 


7.5  Transequatorial  Propagation 


A  number  of  rays  exhibit  tl.e  characteristics  of  TE  rays,  having  the  following 
features.  \ 

v 

(a)  Occurrences  only  at  0800  LST;  1600^2^0^  LST,  and  2400  LST  (see  Table  IV  and 
Figures  6  and  7).  \ 
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(b)  First  ground  attainment  at  distances  of  6100-8000  km  (colatitudes  128°-145°). 

(c)  Suggestion  of  short  range  TE  echo  between  '  <00-1600  LST  arising  from  a  sudden 
expansion  in  the  Pederson  ray  distance. 

(d)  Propagation  constrained  to  two  bundles  elow  a  launch  angle  of  8°;  (a)  horizcn- 
launched,  weakly-refracted  ray.  and  (b)  ionospherically  trapped  rays  escaping 
to  ground  at  TE  distances. 

(e)  Propagation  mechanisms  analogous  to  that  found  in  tropospheric  propagation: 

(a)  meteorological  superrefraction  and  meteorological  ducting  (cf.  7.5(d) 
immediately  above). 

(f)  Implication  that  TE  may  be  merely  one  manifestation  of  a  more  generalized 
ionospheric  ducting  condition  existing  at  this  time. 

(g)  Implication  that  TE  effects  may  be  e-'  meed  if  low-launch-angle  antennas  are 
emphasized. 

(h)  TE  trapped  rays  confined  between  70-250  km. 

7.6  Comparison  of  Computed  and  Observed  F2-Layer  Reflections 

(a)  The  comparison  between  computed  and  observed  F2-layer  returns  is  fairly  good, 
although  discrepancies  appear. 

(b)  Observed  F2-layer  returns  occur  between  2500-5000  km.  Predicted  distances  are 
2300-5500  km. 

(c)  Single-hop  returns  are  mainly  confined  between  2100-3700  km  and  double-hop 
between  4800-6000  km. 

7.7  Comparison  of  Computed  and  Observed  Transequatorial  Echo 

(a)  Only  fair  (quantitative)  agreement  exists  between  computed  TE  ray  paths  and  TE 
observations  (see  Table  V). 

(b)  TE  observations  exceed  50%  of  the  time  from  1100-2300  LST  and  0900  LST.  TE  was 
predicted  from  1600-2000  LST  at  2400  LST  and  0800  LST. 

(c)  Additional  discrepancies  include:  No  TE  predicted  at  2200  LST  arid  TE  predicted 
at  2400  LST  and  0800  LST.  Observed  occurrences  at  these  times  were  60%.  40%  and 
30%. 

(d)  Qualitatively,  agreement  between  TE  predictions  and  observations  is  good.  A 
maximum  is  predicted  in  the  afternoon-evening  and  in  the  morning.  Both  are  found, 
although  displaced  in  time  from  the  predictions. 

(e)  Fairly  good  agreement  is  found  between  predicted  ionospheric  trapping  conditions 
(exceeding  11,000  km)  and  TE  observations.  The  former  are  predicted  at  0800  LST 
and  1400-2400  LST.  The  latter  show  maxima  at  0900  LST  and  1100-2300  LST. 

(f)  On  a  general  basis,  the  ray  tracings  indicate  a  possibility  of  TE  at  0800  LST. 
Occurrences  at  this  time  have  been  noted  previously. 

(g)  The  ray  tracings  indicate  a  better  possibility  of  TE  the  lower  the  antenna 
launch  angle.  Previous  reports  showed  that  the  lower  the  launch  angle  the 
greater  the  distance  of  TE  echoes. 


7.8  Deficiencies  of  Ray-Tracing  Procedures 


Discrepancies  between  the  observations  and  the  ray  tracings  may  be  ascribed  to 
(a)  deficiencies  of  the  model,  (b)  limitations  of  the  program,  f.nd  (c)  limitations  of  the 
computer.  The  first  are  probably  by  far  the  most  serious  The  employ  of  Fermat’s 
principle  is  basically  sound. 

The  principle  deficiency  of  the  model  is  the  poor  spatial  resolution  in  .profiles  of 
electron  density  versus  true  height.  If  observations  are  available  for  every  point  along 
the  ray  path,  the  tracing  should  provide  the  actual  ray  path.  Unfortunately,  the  obtain- 
ment  of  the  refractive  index  at  every  point  of  the  ray  path  is  impossible  of  fulfillment. 
It  seems  reasonable  to  assume,  however,  that  the  more  precise  the  basic  data  (the  better 
the  resolution  in  time  and  space)  the  better  the  ray  traces.  However,  unless  a  fairly 
accurate  time  rate  of  change  of  the  model  is  availabl  ,  rapid  time  variations  of  the 
electron  density  will  always  introduce  considerable  error.  Undoubtedly  improvement  can 
be  made  in  the  interpolation  procedures  employed  when  utilizing  ionospheric  data. 

Deficiencies  in  the  computations  may  arise  from  a  number  of  factors:  too  large  an 
integration  interval;  neglect  of  double  precision  when  necessary  in  the  calculations; 
"lack  of  closure”  when  computing  the  three  direction  cosines,  etc. 

Perhaps  the  greatest  value  of  1  ay- tracing  procedures  is  to  depict  expected  ray  paths 
under  various  ideal  ionospheric  conditions.  These  may  include  expected  median  and 
extreme  electron  density  spatial  distributions  over  the  path. 
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TABLE  I 

Hourly  Reception  of  41  MHz  Long-Range  Transequatorial  Echoes 
(Mayaguez,  Puerto  Rico,  22-31  March  1958) 


Date 

1958 


Time  (LST) 

00 

02 

04 

06 

08 

10 

12 

14 

16 

18 

20 

22 

24 

Reception 
Summary 
(Hours,  LST) 


March  22 
March  23 
March  24 
March  25 
March  26 
March  27 
March  28 
March  29 
March  30 
March  31 


Total 

Occurrences 


Percentage 

Occurrence 

(%) 


None 

None 

09-22 

09-23 

-  00-24 

00-02;  12-18 

11-16 

-- 

17-23 

-  00-24 

00-09;  12-16; 

4 

00-24 

40 

50 

21-23 


TABLE  II 

Calculated  Angles  Above  which  Rays  Escape 
(Southwards  from  Mayaguez,  Puerto  Rico,  40  MHz,  March  1958) 


LST 

Ordinary  Ray 

Extraordinary  Ray 

Init ial  ly 

After  One  F2 
Reflection 

After  Two  F2 
Reflections 

Ini t ially 

After  One  F2 
Reflec t ion 

After  Two  F2 
Reflections 

0200 

0400 

0600 

0800 

1000 

1200 

1400 

1600 

1800 

2000 

2200 

2400 

0° 

0° 

0° 

10°-19° 

15°-19° 

17°-19° 

18°-19c 

0°;  18°-19° 
17°-19° 

1°;  16°-19° 
11 °-19° 
10°-19° 

0° 

0° 

0° 

11°-19° 

15°-19° 

*  • 

18°-19° 

18°-19° 

13°-19° 

1°;  17°-19° 

1 1  °-l  9° 

• 

9° 

4°-8° 

n°-i3° 

9° 

4°-8°;  10° 

H°-14° 

•  * *• 

0° 

•  • 

15°-16° 

0°-2°;  15°-16° 
14°-17° 

1 1 °-15° 

7°-10° 

• 

0°;  15°-16° 
1°;  2°;  15° 
0°;  14°-16° 
10°-15° 

7°-10° 

5°-8° 

i° 

10° 

9° 

• 

•  Not  Computed 

*•  Computed  only  for  angles  between  0°-9°;  no  escape  in  this  range. 
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TABLE  III 

Rays  Trapped  to  Distances  Exceeding  11,000  km  with  no  Intervening  Ground  Reflection 
(Southwards  from  Mayaguez,  Puerto  Rico,  40  MHz,  March  1958) 


Time 

LST 

Ordinary  Rays  Trapped 
Launch  Anglef6) 

Comments 

All  rays  escape 

All  rays  escape 

All  rays  escape 

0°  (’);  1° 

0  0 

1200 

1400 

5°,  6°,  7° 

1600 

5°,  6°,  7° 

0 

1800 

2°-90 

0 

2000 

2°-5° 

0 

1°,  2° 

2400 

0°,  1° 

•  Trapping  to  transequatorial  propagation 

distances. 

i  **  Possible  trapping  to  transequatorial 

propagation  distances. 

TABLE  IV 

Calculated  Occurrence  of  Transequator ial  Echoes  South  of  Mayaguez,  Puerto  Rico 

(22-31  March  1958) 


Ordinary  Ray 

Extraordinary  Ray 

Time 

Launch  Angle  (°) 

Colatitude  (°) 

Dis tance 
(km) 

Launch  Angle  (°) 

Colatitude  (°) 

Distance 

(km) 

(1ST) 

All  rays  escape 

All  rays  escape 

0400 

All  rays  escape 

All  rays  escape 

H 

0600 

All  rays  escape 

All  rays  escape 

0800 

1000 

1° 

140°P 

7480 

1° 

140°P 

7480 

1200 

■ 

1400 

1600 

4° 

124° 

5720 

7° 

147°P 

8250 

7° 

144° 

7920 

8° 

148° 

8360 

1800 

1° 

143° 

7810 

? 

2000 

0° 

6160 

0° 

127° 

6050 

6° 

tia 

7040 

7° 

133°P 

7° 

134  °P 

6820 

■  ■ 

■■■■■■■■■ 

EH 

1° 

143° 

7810 

* 

• 

• 

*  Not 

calculated 

P  =  Possible 

NOTE  Transequatorial  echoes  are  considered  to  arise,  without  intervening  ground 

reflections,  between  colatitudes  of  128°-145°,  corresponding  to  distances  of 
6100-8000  km  south  of  Mayaguez. 


TABLE  V 


HT  IN  KILOMETERS  ►EIGHT  IN  KUONCTERS 


4(b)  Electron  density  versus  true  hei 

1000,  1200  L 


KiGHT  in  KILOMfc  TERS  ►©CHT  IN  KUOMETERS 


Fig. 5(a)  Electron  density  versus  true  height  profile  along  75°W. 

1600.  1800  LST 


Mt  IGM  I  'N  KILOML  1  tHb 


IONOSPHERIC  SECTION  ALONG  75*  W 


MARCH  1950 


600* 


GEOGRAPHIC  LATITUDE 
IN  DEGREES 


Fig. 5(b)  Electron  density  versus  true  height  profile  along  75°W 

2000.  2200  LST 


COLATITUOE  (•) 


Fig.7<a)  Trace  of  ordinary  rays  launched  southwards  frot  Mayaguez  at 
elevation  angles  of  0°-19°.  1600,  1800  LST 


COLATITUDE  (•) 


Fig.  7(b)  Trace  of  ordinary  rays  launched  southwards  from  Mayaguez  at 
elevation  angles  of  0°-19°.  2000,  2200  LST 
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SUMMARY 


In  view  of  the  successes  of  current  theoretical  developments  leading 
toward  a  time-dependent  theory  of  the  tranBequatorial  ionization  distri¬ 
bution  ("equatorial  anomaly") ,  along  with  the  recently  developed  ability 
to  measure  vertical  drifts  of  the  F-region  plasma  at  the  magnetic  equator 
(that  are  an  essential  parameter  for  the  theory),  it  appears  that  the 
application  of  these  results  should  help  clarify  the  transequator  ini 
propagation  phenomena.  The  status  of  theory  and  the  status  of  experiment 
are  discussed,  along  with  the  interrelation  of  theory  and  experiment,  and 
a  program  of  Investigation  Is  recommended  involving  radar  observations 
from  satellites  and  from  the  ground,  radio  propagation  studies,  airglow 
observations,  ray-tracing,  and  theoretical  analysis. 
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TRANS EQUATORIAL  PROPAGATION  IMPLICATIONS  OF 
EQUATORIAL  VERTICAL  DRIFT  MEASUREMENTS 

Robert  Cohen  and  J.  P.  McClure 


1.  INTRODUCTION 

The  so-called  “equatorial  anomaly"  refers  to  a  transequatorial  distribution  of  Ionization 
having  peaks  of  enhanced  electron  concentration  at  latitudes  north  and  south  of  the 
magnetic  equator.  The  source  of  this  distribution,  as  originally  suggested  by  Martyn1, 
is  the  upward  drift  and  subsequent  diffusion  of  F-region  ionization  near  magnetic  equator. 
This  drift,  according  to  Reference1,  is  propelled  by  electrodynamic  forces  originating  in 
the  E-reglon  and  coupled  via  geomagnetic  field  lines.  The  phenomenon  has  been  aptly  de¬ 
scribed  as  the  "fountain  effect”.  The  details  of  this  process  have  been  Btudled  the¬ 
oretically  by  many  workers,  and  considerable  amounts  of  experimental  information  have 
been  obtained,  as  summarized  in  Reference2. 

From  a  propagation  standpoint,  there  has  been  considerable  unusual  experience  on  HF 
and  VHF  paths  traversing  the  magnetic  equator.  Much  of  this  experience  has  been  obtained 
by  radio  amateurs  who  found,  for  example,  that  VHF  signals  could  be  received  over  long 
distances  at  frequencies  appreciably  in  excess  of  the  predicted  maximum  usable  frequency 
(MUF).  They  found  “openings”  for  such  propagation  mainly  during  evening  hours  and  in  the 
equinoctial  months.  Subsequently  experiments  have  been  conducted  suggesting  that  the 
peculiar  transequatorial  distribution  of  ionization  supports  this  propagation  via  re¬ 
fraction.  However,  because  of  the  "flutter  fading"  of  the  received  signals,  a  scatter 
mechanism  may  also  be  involved.  The  experience  to  date  in  transequatorial  propagation 
is  summarized  in  Reference  2  and  3. 

In  recent  months  there  have  been  some  new  developments,  both  experimentally  and 
theoretically,  that  suggest  that  we  should  now  be  able  to  obtain  a  fuller  understanding 
of  the  transequatorial  propagation.  It  is  the  purpose  of  this  paper  to  review  these 
developments  and  discuss  their  implications  for  further,  concerted  and  definitive  experi¬ 
mentation  and  interpretation  leading  toward  this  goal.  In  particular,  measurements  of 
vertical  drifts  of  the  F-region  plasma  (along  with  measurements  of  other  ionospheric 
parameters)  at  the  magnetic  equator  in  Peru,  coupled  with  time -dependent  theoretical 
developments  now  becoming  available,  promise  to  define  the  transequatorial  distribution 
of  ionization  as  a  function  of  height,  latitude  and  time.  Concurrent  propagation 
measurements,  the  results  of  which  are  compared  with  ray  tracing  through  the  known  ioni¬ 
zation  distribution,  should  then  prove  decisive. 


2.  THEORETICAL  STATUS 

Quantitative  tiieoretical  treatments  of  the  "equatorial  anomaly”  problem,  following  the 
suggestion  of  Martyn1,  seem  to  be  quite  satisfactory  in  their  comparison  with  observations, 
to  the  point  where  it  is  probably  obsolete  parlance  to  continue  referring  to  the 
transequatorial  phenomenon  as  an  anomaly.  Similar  theoretical  treatments  of  the  problem 
by  Bramley  and  Peart4,  Moffett  and  Hanson5,  Hanson  and  Moffett6,  and  Bramley  and  Young7 
have  led  to  similar  conclusions.  All  of  these  developments  were  toward  a  steady-state 
theory,  whereas  the  ultimate  goal  is  to  obtain  a  tine -dependent  theory.  Recently,  a 
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first  stop  toward  a  time -dependent  theory  has  been  published  by  Baxter  and  Kondall'. 
Progress  Is  now  being  made  by  Hannon9  on  a  more  elaborate  time -dependent  theory, 

Suveral  of  the  theoretical  developments 6*  ’  take  Into  account  meridional  neutral  wind 
components  along  the  geomagnetic  lines  of  force.  Such  winds  would  explain  some  of  the 
observed  asymmetries  (about  the  magnetic  oquator)  of  the  transeyuatorlal  ionization 
distribution,  as  discussed  In  the  following  section.  Theoretical  developments  to  date 
have  not  fully  taken  into  account  the  height  variation  of  electron  temperature  (T  )  of 
Ion  temperature  (Tj),  or  of  Ion  composition. 

•v 

3.  EXPERIMENT AL  STATUS 

Measurements  Increasingly  pertinent  to  the  transequatorial  propagation  problem  are 
being  made  at  the  Jicaraarca  Radar  Observatory  (11. 95°S.  76.87°W;  Dip:  2°  ).  Until  1968, 
these  measurements  Included  the  determination  of  electron  concentration  (Ne)  as  a  furyjtlon 
of  height  and  time10  and  the  determination  of  Tfi  .  Tj  and  ion  composition  as  functions 
of  height  and  time  •.  In  addition,  the  Incoherent  scatter  technique  permitted  the  de¬ 
termination  of  neutral  temperature  Tn  as  a  function  of  time  at  certain  heights  12. 

A  significant  development  in  1968  at  Jlcamarca  was  that  a  technique  was  perfected  13 
to  directly  monitor  vertical  drifts  of  the  iononpheric  plasma  as  functions  of  height  and 
time.  The  height  range  for  all  of  these  measurements  extends  from  about  150  or  200  km  up 
to  about  800  km.  The  celling  for  electron  concentration  measurements  extends  to  about 
L  =  2.  and  this  may  be  extended  to  L  *  2.5.  It  may  also  be  possible  to  raise  the 
present  ceilings  for  the  temperature  observations. 

An  allied  development  was  the  ability  to  measure  (somewhat  less  directly)  electric 
fields  in  the  equatorial  electrojet,  at  a  height  of  105  km  (Ref.  14).  These  measurements 
demonstrated  the  diurnal  cycle  of  the  dynamo  (S^)  electric  field,  evidencing  the  field 
reversals  near  sunrise  and  sunset. 

The  observations  of  F-region  ionization  drifts  were  reported  by  McClure15,  while  the 
related  observations  of  E-region  fields  were  reported  by  Balsley16,  who  has  also  corre¬ 
lated  such  measurements  with  the  apparent  vertical  motions  of  F-region  ionization*7. 

Based  upon  Balsley' s  Interpretation  of  their  measurements,  Romero  et  al.18  have  ob¬ 
tained  seasonal  variations  of  the  times  of  field  reversal  in  the  morning  and  evening. 

By  employing  simultaneous  temperature,  electron  concentration  and  drift  measurements, 
Peterson  and  McClure19  have  analyzed  F-region  electron  motions  through  use  of  the  con¬ 
tinuity  equation. 

The  F-region  ionization  drifts  are  obtained  by  measurement  of  the  Doppler  shift  of  the 
incoherent-scatter  spectrum13.  Each  drift  measurement  is  directly  convertible  into  a 
measurement  of  the  East-West  electric  field  (E)  propelling  the  vertical  drift  (v),  since 
the  magnitude  (B)  of  the  geomagnetic  field  vector  (B)  is  known  to  within  less  than  1%. 

The  magnitude  (E)  of  that  field  component  is  proportional  to  B  and  to  the  magnitude  (v) 
of  the  vertical  drift,  since  v  =  (E  x  B)/Bz  ;  hence  v  =  E/B,  or  E  =  Bv.  For  an  F-region 
geomagnetic  field  strength  of  approximately  0.  ?5  gauss,  or  25,000  gammas,  this  means  that 
a  vertical  drift  of  20  m/s  corresponds  to  an  East -West  electric  field  of  500  /xV/m. 

Some  typical  measurements 15  of  F-region  drift  profiles  are  shown  in  Figure  1.  It  is 
apparent  that  the  drifts  can  be  measured  to  within  an  accuracy  approaching  1  m/s  over 
much  of  the  height  range,  as  discussed  in  Reference13.  The  example  shown  corresponds  to  a 
an  integration  period  of  12  minutes.  Such  measurements  can  be  obtained  throughout  the 
24-hour  period.  However,  at  times  when  F-region  ("spread  F")  "scattering"  irregularities 20 
are  present,  strong  coherent  scatter  is  obtained  from  the  irregularities  at  heights  where 
they  are  present.  This  signal  swamps  the  incoherent  scatter  echo  from  the  background 
plasma.  Consequently,  F-layer  drifts  can  still  be  obtained  at  heights  from  which  there 
are  no  such  echoes,  while  the  vertical  drift  of  the  irregularities  is  simultaneously 
observable  at  neights  at  which  the  irregularities  occur. 
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In  Figure  2  are  presented  the  results  of  s  series  of  drift  profiles  obtained  over  an 
eight -hour  period.  As  the  tliso  of  the  olectrlc  field  reversal  approaches,  we  note  that 
the  nonotonlc  height  dependence  of  drift  obtained  during  the  afternoon  evolves  Into  a 
height  profile  with  a  maximum  drift  near  400  km.  Such  a  surge  often  precedes  the  evening 
electric  field  reversal.  Figure  3  presents  the  profiles  of  electron  concentration  ob¬ 
tained  simultaneously  with  the  drift  profiles  of  Figure  2.  Simultaneous  information  on 
electron  temperature,  Ion  tomperature,  neutral  temperature  and  Sn  composition  Is 
typically  available  to  complement  the  electron  concentration  and  drift  information. 

Another  characteristic  of  the  equatorial  Ionosphere  responsive  to  electric  fields  Is 
the  emission  of  F-rcgion  nlghtglow,  according  to  tha  li '  erpretatlon21  of  VanZandt  and 
Peterson,  who  are  obtaining  nlghtglow  measurements  at  Jlcamarca.  King27  has  used  air- 
glow  measurements  as  an  Indicator  for  studies  of  the  “equatorial  anomaly”.  The  F-reglon 
nlghtglow,  except  near  the  magnetic  equator,  Is  also  an  indicator  of  meridional  neutral 
winds21.  In  particular,  as  suggested  by  Hanson9,  measurement  of  airglow  from  latitudes 
north  and  south  of  Jlcamarca  would  give  some  indication  of  the  integrated  effect  of 
steady  neutral  wind  components  along  the  geomagnetic  lines  of  force.  These  neutral  winds 
are  an  important  factor  In  producing  asymmetries  in  the  “equatorial  anomaly”,  as  dis¬ 
cussed  by  Thomas23.  Since  theoretical  analyses  leading  to  the  transequatorlal  distri¬ 
bution  of  ionization  must  therefore  Include  neutral  wind  Information,  some  observation  of 
the  North-South  neutral  winds  (such  as  the  airglow  measurement)  is  an  important  adjunct 
to  the  vertical  drift  observations. 


4.  INTERRELATION  OF  THEORY  AND  EXPERIMENT 

The  essential  input  ingredient  for  the  current  theoretical  treatments  of  the  trans¬ 
equatorlal  ionization  distribution  problem  is  the  height  profile  of  vertical  drifts.  A 
measure  of  the  success  of  these  treatments  is  that  the  experimentally  measured  upward 
drifts  (ranging  from  10  to  30  m/s)  are  about  the  magnitudes  that  were  previously  assumed 
by  theorists,  who  then  obtained  realistic  ionization  distributions. 

So  far,  however,  theory  and  experiment  do  not  take  into  account  or  measure,  respec¬ 
tively,  any  East-West  component  of  drift  velocity  that  would  be  produced  by  vertical 
electric  fields.  Similary,  theoretical  developments  do  not  take  into  account  currents 
along  the  geomagnetic  lines  of  force  that  would  result  from  electric  fields  along  these 
lines  of  force;  nor  is  there  yet  any  experimental  measurement  of  such  currents.  In 
principle,  both  flows  could  be  measured  using  the  incoherent  scatter  technique,  by  em¬ 
ploying  vertical  transmission  from  Jicamarca  and  appropriate  installations  to  the  north 
and  east  for  oblique  reception.  However,  the  longitudinal  electric  fields  are  probably 
negligible,  so  that  only  the  vertical  fields  would  be  worth  investigating. 

The  theories  require  input  information  concerning  the  neutral  wind  components  parallel 
to  the  geomagnetic  lines  of  force  in  order  to  account  for  asymmetries  in  the  transequa- 
torial  ionization  distribution.  Some  of  this  information,  as  discussed  in  the  previous 
section,  is  probably  obtainable  from  airglow  studies.  It  is  also  possible  to  observe 
effects  of  these  winds  on  profiles  of  electron  concentration24.  Such  observations  are 
often  characterized  as  resulting  from  “travelling  ionospheric  disturbances”,  but  provide 
only  the  time-varying  components  of  the  neutral  winds5.  On  the  other  hand,  experimental 
input  information  for  use  oy  the  theory  is  available  regarding  the  height  profiles  and 
time  variation  of  T0,  T-.  Tn  and  of  ion  composition,  whereas  theoretical  developments 
have  not  yet  been  constructed  that  would  employ  this  information. 

From  the  standpoint  of  transequatorial  propagation,  the  effects  of  the  upward  drifts 
seem  to  be  manifest25  on  a  time  scale  that  might  be  expected,  since  the  peak  occurrence 
cf  this  propagation  phenomenon  at  VHF  is  at  about  the  time  when  the  upward  drifts  ter¬ 
minate.  To  a  first  approximation,  the  integrated  effect  of  the  upward  drifts  is  the 
significant  factor,  and  this  would  maximize  at  the  time  of  electric  field  reversal. 
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9.  PROPOSED  PROGRAM  OP  INVESTIGATION 

In  view  of  the  considerations  discussed,  It  seems  that  the  tine  Is  ripe  to  design  ex¬ 
periments  and  analytical  procedures  that  would  provide  definitive  answers  to  the  Interre¬ 
lations  between  theories  of  the  transequatorlal  Ionization  distribution  and  experimental 
measurements  of  that  distribution.  By  obtaining  concurrent  propagation  experience,  this 
could  then  be  compared  with  the  predictions  of  ray  theory  for  the  measured  and/or  predicted 
Ionization  distributions,  leading  to  an  understanding  of  the  related  transequatorlal  pro¬ 
pagation  problem.  Some  suggestions  for  such  a  program  of  investigation  follow. 

» 

Propagation  experiments  would  be  designed  to  study  both  the  amplitude  and  frequency 
characteristics  of  the  received  signals,  employing  several  transmitted  frequencies. 
Measurements  would  be  made  of  the  angle  of  arrival  of  the  received  signals.  Pulse  studies 
would  be  conducted  over  these  paths:  such  studies  during  the  IGY  Ref. 26  established,  for 
example,  that  purely  scatter  propagation  was  involved  over  a  fairly  short  (2580  km) 
transequatorlal  VHF  circuit. 

Observations  at  Jlcamarca  would  provide  input  data  for  theories  concerning  drifts  and 
other  parameters,  along  with  appropriate 2 7‘  21  coherent  scatter  studies  of  F-reglon 
"scattering'’  irregularities.  Such  studies  of  irregularities  would  be  useful  in  clarify¬ 
ing  the  role  of  scattering  in  the  transequatorlal  propagation.  Studies  of  patches  of 
irregularities29’ 30  and  their  East-West  motions  could  be  conducted  using  the  conventional 
lonosondes  at  Jlcamarca  and  Huancayo.  Supplementary  reception  from  the  east  of  Jlcamarca 
signals  would  provide  Information  on  East -West  plasma  drifts,  insofar  as  they  are 
significant.  Airglow  studies  with  photometers  at  various  locations  would  furnish  data  on 
neutral  winds  and  regarding  the  latitudinal  variation  of  vertical  plasma  motions. 

Satellite  "topside"  ionosonues  and  the  existing  network  of  ground-based  lonosondes 
would  provide  information  concerning  the  transequatorlal  ionization  distribution  with 
which  to  check  predictions  of  the  theory,  and  through  which  to  perform  ray  tracing.  Such 
ray  tracing  is  useful31  for  comparison  with  concurrent  transequatorlal  propagation 
studies,  insofar  as  the  propagation  can  be  accounted,  for,  wholly  or  partly,  by  refraction 
mechanisms. 

Ionosonde  measurements  are  also  useful 20’  32>  33  for  studying  duct  irregularities, 
along  with  ground-based  measurements  of  scintillations.  Such  scintillations  are 
frequently  observed  near  Jlcamarca,  especially  when  satellite  telemetry  signals  are  being 
monitored31*.  Transequatorlal  propagation  may  also  involve  guidance  along  such  irregular¬ 
ities3. 
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0  HO  HO  *30 


Vertical  Velocity  (m/s) 

Vertical  profile  of  plasma  drift  velocities,  obtained  by  integration  from  1538  to  1550 
hours  local  time  (Jicamarca  Radar  Observatory,  Peru,  75°W,  24  January  1968). 

A  positive  velocity  corresponds  to  upward  drift  of  the  electrons. 
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roo 


2  A  series  of  profiles  of  plasma  drift  velocities,  plotted  as  the  time  variations 
of  drift  velocity  for  heights  separated  by  20-km  intervals. 


JICAMARCA  RADAR  OBSERVATORY 
ELECTRON  DENSITY  (cti3)  24  JANUARY  1968 


Fig.  3  A  series  of  vertical  profiles  of  electron  concentration,  as  determined 
by  the  Faraday  rotation  of  the  incoherent  scatter  signals 
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DISCUSSION  ON  THE  PAPERS  PRESENTED  IN  SESSION  VI 
( TRANSEQUATOR  I AL  PROPAGATION). 


Discussion  on  Paper  45,  "A  review  of  VI IF  transequatorial  propagation", 


by  D.L. Nielson. 


Dr  C. R. Roberts  Would  you,  Dr  Nielson,  identify  the  values  of  propagation  losses  you  have 
shown?  Have  you  included  the  effect  of  antenna  patterns  and  other  parameters,  so  that  the 
values  are  actual  propagation  losses?  Ii  so,  there  may  indeed  be  an  indication  of  actual 
focusing.  I  also  have  a  question  concerning  the  discussion  of  whether  or  not  the  propagat¬ 
ing  mode  was  FF  or  1F2.  To  bolster  the  propagation  time  measurements,  were  there  indications 
from  elevation  angle  measurements  (or  angle  sensitivity)  that  the  mode  was  a  IFF  or  1F2 
mode? 

Dr  D.L. Nielson:  The  median  minimum  path  losses  for  the  mid-Pacific  experiment  are  tabulated 
in  the  article  on  F-region  drifts  (Paper  46).  They  are  propagation  losses  and  therefore 
point  to  focusing  of  some  type.  With  regard  to  your  second  question,  since  elevation  angles 
are  very  difficult  to  measure  at  these  frequencies,  information  is  lacking.  Bowen  et  al., 
Journal  of  Geophysical  Research, Vol. 73,  1968,  p.2469,  indicate  a  difference  in  elevation 
angle  between  a  normal  refracted  ray  and  a  spread  ray.  I  do  not  choose  to  draw  any  such 
distinction,  and  certainly  the  elevation  is  mainly  a  function  of  station  latitude.  Absolute 
delay  measurements  indicate  that  these  echoes  are  F-region  echoes.  Finally,  I  would  expect 
inordinately  long  delays  to  be  the  result  of  lateral  displacements. 

Dr  J.  Ramasastry:  Can  you  tell  me  what  the  changes  in  the  signal  characteristics  are  when 
the  directivity  at  the  transmitting  site  is  varied? 

Dr  D.L. Nielson:  Some  evidence  from  Bowen  et  al.  (see  my  paper)  shows  that  path  angles  of 
the  order  of  40°  with  respect  to  the  magnetic  equator  do  not  normally  favour  frequencies 
much  above  50  MHz.  Our  results  do  not  indicate  noticeable  changes  in  above-50  MHz  signals 
over  angles  like  10-15°  with  the  magnetic  meridian. 

Dr  K. Davies:  What  is  the  direct  evidence  for  FF-type  paths? 

Dr  D. Nielson:  I  believe  the  only  "direct”  evidence  can  come  through  simultaneous  measure¬ 
ment  of  the  transequatorial  electron  density  profile  and  the  employment  of  adequate  ray¬ 
tracing  techniques.  I  know  of  no  such  results  that  rule  out  such  propagation  and  several 
results  do  show  this  ray  path  to  be  not  only  possible,  but  likely,  in  the  presence  of  suit¬ 
able  manifestations  of  the  equatorial  anomaly.  Measurements  of  pulse  travel  time  also 
encourages  this  conclusion. 

Dr  N.C.Gerson:  Some  transequatorial  results  imply  that,  if  the  launch  angle  of  the  radio 
ray  is  decreased,  the  path  length  increases.  For  example,  a  launch  angle  of  8°  at  41  MHz 
provided  mean  transequatorial  ranges  of  7000  km,  but  at  5°  elevation  at  50  MHz,  trans¬ 
equatorial  distances  of  7500  km  were  obtained.  How  would  your  model  clarify  these  results9 

Dr  D.  I,.  Nielson:  It  would  be  inappropriate  for  me  to  comment  on  such  specific  quantities 
in  an  experiment  about  which  I  know  nothing. 


Di  scussion  on  Paper  4<*?,  "Comparison  of  ray  tracing  with  experiments  over  transequatorial 
paths",  by  \',C.Cerson. 

Dr  J. Ramasastry:  Don't  you  think,  Dr  Gerson,  that  the  final  results  of  the  ray-tracing 
program  are  critically  dependent  upon  whether  or  not  you  have  included  the  types  of 
mechanisms  that  are  responsible  for  phenomena  like  the  transequatorial  propagation? 
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Dr  N.C.  Gerson:  The  model  chosen  for  the  ray-tracing  computations  is  very  critical.  Foi 
example,  the  ray-tracing  procedure  utilized  in  my  paper  confined  Itself  solely  to 
ionospheric  rays  for  the  F2  layer  plasma  frequencies  observed  during  a  ten-day  period. 

The  ray-tracing  procedure  did  not  consider  ray  tracing  along  the  exospheric  ducts  and  there¬ 
fore  provides  no  information  on  the  possibilities  of  this  mechanism.  Any  ray-tracing 
technique  can  suffer  from  mathematical  imprecision  inherent  in  the  computer  program,  from 
lack  of  spatial  and  time  resolution  i’n  the  basic  refractivity  data,  etc.  The  great  value 
of  ray-tracing  computations  is  to  provide  an  indication  of  extreme  conditions,  which  can 
provide  limits  on  possible  interpretations  of  specific  propagation  phenomena. 

Dr  C. R. Roberts:  In  your  ray-tracing  study,  did  you  notice  any  focusing  of  the  trapped  rays 
providing  the  transequatorial  propagation?  In  the  data  presented  previously  there  appeared 
to  be  a  good  indication  of  focusing. 

Dr  N.C. Gerson:  The  40  MHz  ray  tracings  showed  no  indication  of  focusing  to  transequatorial 
distances  (6100-11000  km).  However,  there  were  definite  indications  of  focusing  at  1-hop  F2 
or  2-hop  F2  conditions. 

Dr  M. Crochet:  En  ce  qui  conceme  les  focalisations  je  desirerai  faire  remarquer  que  nous 
avons  observe  de  nombreuses  propagations  longue  distance  a  9000-12,000-15,000  km  et  que  gene- 
ralement  les  echos  recup^r^s  par  gradients  geographiques  sent  focalises,  alors  que  les  ^chos 
recuperes  par  les  gradients  equatoriaux  sont  ge'neralement  diffus. 

Dr  K.  Davies:  In  transequatorial  ray  tracing  it  is  important  to  correct  for  the  effect  on 
the  vertical  incidence  ionogrwn  of  the  equatorial  distortion  of  the  ionosphere.  (See 
Davies  and  Jones,  Proceedings  of  the  Xllth  AGARD/EPC  Symposium,  Leicester  1966,  in  the 
press). 

Professor  E.  D.  R.  Shearman:  I  would  like  to  comment  on  Dr  Davies’s  doubts  that  a  chordal  hop 
or  "supermode"  type  of  trajectory  occurs.  I  would  like  to  confirm  Dr  Gerson’ s  remarks  about 
the  frequent  observation, not  only  at  equatorial  latitudes,  of  2-hop  ground  scatter  persisting 
after  1-hop  ground  scatter  has  faded  out.  This  seems  to  me  to  be  the  most  striking  evidence 
we  now  have  that  such  long-hop  modes  exist.  The  observations  are  too  frequent  to  be 
explained  by  M  modes  involving  Es. 

Dr  I.Paghis:  The  interpretation  of  transequatorial  propagation  data  requires  not  only 
adequate  ray-tracing  techniques,  but  also  rather  detailed  information  on  vertical  profiles 
of  electron  density  and  the  associated  horizontal  gradients.  Bottomside  sounders  are 
usually  too  far  apart  to  provide  sufficient  detail  on  horizontal  gradients.  One  should 
therefore  make  an  effort  to  obtain  additional  data  from  other  sources,  and,  in  particular, 

I  wish  to  draw  your  attention  to  the  topside  sounder  data.  Considerable  topside  data  on 
equatorial  anomalies  and  irregularities  are  now  available  and,  of  course,  the  observed  electron 
density  distributions  do  not  terminate  abruptly  at  the  F2-maximum  simply  because  the  sounder 
data  terminate  there.  One  important  feature  of  the  topside  sounder  data  is  the  availability 
of  consecutive  ionograms  at  relatively  close  horizontal  spacings.  This  feature  may  be  of 
considerable  value  to  transequatorial  propagation  studies. 

Dr  D. L. Nielson:  Alouette  I  and  II  data  were  obtained  for  the  mid-Pacific  experiment  I 
mentioned.  On  one  occasion  61  MHz  was  propagated  point-to-point  and  Alouette  records  from 
overhead  showed  no  irregularities.  The  problems  encountered  in  the  further  analysis  of  these 
Alouette  data  were  the  failure  of  the  virtual  depth  trace  to  show  a  clear  critical  frequency 
and  the  11.5  MHz  upper  frequency  limit  of  the  satellite.  The  remarks  in  the  review  paper 
included  some  information  from  Alouette  records. 

Dr  I.Paghis:  I  agree  that  the  topside  sounder  data,  like  other  experimental  data,  have 
severe  limitations.  In  view  of  the  fact  that  transequatorial  propagation  has  now  been 
studied  for  many  years  without  producing  reasonably  certain  interpretations,  the  time  may 
be  ripe  for  planning  definite  experiments.  It  is  probably  impractical  to  send  up  a  satellite 
specifically  for  this  purpose,  but  it  is  possible  to  forecast  the  probable  future  avail- 
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ability  of  specific  topside  sounder  observations  and  to  plan  other  ground  based  experiments 
of  a  complementary  nature.  I  believe  that  such  a  program  could  yield  very  valuable  results. 


Discussion  on  Paper  49,  "Transeqiiatar  lal  propagation  implications  of  equatorial  vertical 
drift  measurements",  by  R.Cohen. 

Dr  E.N.8ramley:  The  detailed  correlation  shown  between  the  vertical  F-layer  drift  and  the 
horizontal  electrojet  speeds,  both  at  the  magnetic  equator,  is  very  striking  and  perhaps 
more  marked  than  would  be  expected,  since  the  equatorial  F-region  is  connected,  by 
geomagnetic  field  lines,  to  parts  of  the  E-region  which  are  some  distance  north  and  south 
of  the  equator  itself. 

Dr  R.Cohen:  This  correlation  with  time,  which  you  noticed  in  an  illustration  not  presented 
in  the  talk,  is  quite  detailed  in  that  instance,  but  such  a  good  correlation  is  not  always 
obtained.  As  you  imply,  a  lack  or  correlation  could  be  explained  by  invoking  the  fact  that 
the  electric  fields  at  different  field  lines  are  not  identical.  On  occasions  such  as  the 
one  to  which  you  refer,  the  high  correlation  would  indicate  that  there  is  a  fairly  uniform 
East-West  electric  field  out  to  1000  km  north  and  south  of  the  magnetic  equator. 

Dr  D. L. Nielson:  Some  of  the  attempts  to  explain  equatorial  spread-F  have  called  attention 
to  the  large  and  rapid  virtual  motion  of  the  F-layer  near  sunset.  Does  this  drift  measure¬ 
ment,  which  is  more  direct  than  a  virtual  one,  reveal  a  pronounced  increase  in  drift  at 
F-region  sunset? 

Dr  R.Cohen:  There  is  often  a  surge  in  the  upward  vertical  drift  velocity  just  before  it 
moves  rapidly  toward  zero,  followed  by  the  downward  vertical  drifts  of  the  night-time 
period.  This  reversal  occurs  at  about  the  time  of  F-region  sunset. 


F-REGION  SCATTER 

by 

Robert  Cohen 
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SUMMARY 


Experience  in  F-region  propagation  attributable  to  scattering  is 
reviewed.  (Some  facets  of  F-region  scatter  phenomena  are  discussed  in 
greater  detail  in  the  review  papers  in  this  volume  on  incoherent 
scatter  (Paper  31)  and  on  transequatorial  propagation  (Paper  45).)  The 
results  of  forward  scatter  (scintillation)  and  backscatter  (radar) 
diagnostic  studies  of  P-region  irregularities  are  summarized.  These 
results  are  related  to  their  consequences  and  utility  for  P-region 
scatter  propagation.  The  ionospheric  observations  of  the  waveguide  and 
‘whispering-gallery’  modes  of  propagation  are  summarized. 
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F -  REGION  SCATTER 
Robert  Cohen 


1.  INTRODUCTION 

From  a  propagation  standpoint,  ionospheric  scattering  phenomena  are  of  interest  when 
they  result  in  the  transmission  of  radio  signals  from  one  point  to  another.  In  general, 
scattering  is  one  method  of  solving  the  radio  communication  problem  and  refraction  is  the 
other.  (Line-of-sight  communication  is  a  limiting  case  of  the  refraction  mechanism.) 
However,  scattering  effects  can  be  detrimental  to  radio  propagation  via  refraction,  so 
that  we  must  give  passing  consideration  to  the  occasional  coexistence  of  the  two 
propagation  processes. 

Ionospheric  scatter-propagation  can  be  studied  both  by  so-called  ‘forward-scatter’ 
circuits  and  by  the  use  of  radar  techniques,  or  ‘backscatter’  .  The  radar  techniques 
provide  a  valuable  diagnostic  tool  in  that  they  are  conducted  at  a  single  location,  or 
‘monostatically’ ,  as  against  the  ‘bistatic’  forward- scatter  measurements.  The  separa¬ 
tion  of  transmitter  and  receiver  in  the  bistatic  case  is  logistically  less  convenient. 

The  conventional  ground-based  ionosonde,  or  swept- frequency  ‘vertical  incidence’  radar, 
is  a  source  of  considerable  monostatic  infoir  .tion  concerning  ionospheric  scattering 
phenomena,  even  though  it  was  not  really  designed  for  this  application.  Also,  bistatic 
information  on  scattering  is  now  obtainable  from  the  more  recently  introduced  oblique 
incidence  swept- frequency  ionospheric  sounders.  Ionosondes  mounted  in  satellites  are 
another  recently  available  source  of  scattering  data,  and  these  remote  sensors  have  the 
advantage  of  moving  through  the  irregularities  that  are  responsible  for  the  scattering 
phenomena.  The  geographic  distribution  of  irregularities  has  been  studied  both  from  the 
ground-based  network  of  ionosondes  and  from  the  satellite  ionosondes. 

The  ionospheric  irregularities  in  the  F-region  and  above  tend  to  be  oriented  in  a 
direction  parallel  to  the  geomagnetic  lines  of  force,  and  are  said  to  be  ‘field-aligned’ . 
This  feature  leads  to  certain  scattering  characteristics  often  referred  to  as  ‘aspect 
sensitivity’ .  Hie  field-alignment  is  best  described  in  terms  of  an  autocorrelation 
function  of  electron  concentration  and  means  that  the  longest  dimension  (defined  in 
autocorrelation  terms)  of  the  irregularities  is  oriented  along  the  geomagnetic  field. 

Besides  the  utilization  of  ground  and  satellite-based  ionosondes  tc  study  the 
irregularities,  specially  designed  radar  and  forward-scatter  experiments  have  been 
employed  to  obtain  range,  height,  and  Doppler  information.  Such  informition  is  useful 
in  understanding  the  possibilities  and  limitations  of  F-region  scatter. 

Perhaps  the  ultimate  in  reliability  for  employing  F-region  scatter  propagation  would 
be  the  utilization  of  so-called  ‘incoherent  scatter’  from  F-region  electrons,  as  opposed 
to  ‘coherent  scatter’  from  F-region  irregularities .  Such  scattering  would  be  obtained 
as  long  as  there  were  sufficient  electrons  in  the  F-region,  which  would  usually  be  the 
case  even  through  the  night,  which  the  F-layei  commonly  survives.  The  possibilities  and 
experience  in  incoherent-scatter  propagation  are  summarizes  in  the  paper  by  Peterson1  in 
this  volume. 

The  exploitation  of  F-region  irregularities  for  ionospheric  scatter  propagation  would 
usually  be  accomplished  by  utilizing  their  scattering  properties  in  the  dimensions  (in  an 


autocorrelation  sense)  transverse  to  the  geomagnetic  field  direction.  However,  for 
irregularities  (i.e.,  ionization  depletion  regions)  sufficiently  thick  (compared  to  the 
exploring  wavelength)  in  the  transverse  dimension,  it  is  possible  to  ‘duct’  electro¬ 
magnetic  radiation  within  the  irregularities.  This  ducted  propagation  within  ‘waveguide’ 
irregularities  is  included  in  the  discussion  of  this  paper,  since  it  can  be  considered 
as  a  scatter-propagation  phenomenon  in  the  P-region. 

It  is  likely  that  these  same  ducting  irregularities  are  also  the  source  of  the  scintilla¬ 
tions  produced  during  the  course  of  the  passage  of  HF  and  VHF  radio  signals  through  the 
ionosphere.  In  this  case,  the  effects  are  purely  detrimental  from  a  propagation  standpoint, 
and  result  from  true  ‘forward  scatter’  imposed  by  irregularities  that  have  dimensions  large 
compared  to  the  exploring  wavelength. 

Another  example  of  the  apparent  coexistence  of  scattering  and  refractive  phenomena  is  in 
the  area  of  transequatorial  propagation,  especially  at  VHF.  The  mode  of  propagation  in  some 
cases  is  still  a  subject  of  some  doubt,  in  that  radio  signals  of  considerable  strength  can 
be  propagated,  but  with  an  associated  distortion  known  as  ‘flutter  fading*  .  It  is  apparent 
that  scattering  processes  must  be  involved  in  producing  this  fading,  but  it  is  difficult  to 
see  how  anything  but  refractive  processes  could  result  in  the  transmission  of  such  strong 
signals.  This  seeming  dilemma  is  treated  in  the  review  paper  by  Nielson2  in  this  volume 
(Paper  45),  while  attention  in  what  follows  is  limited  to  transequatorial  and  other  F-region 
propagation  phenomena  that  result  solely  from  scattering  processes. 

The  presentation  below  subdivides  the  F-region  coherent  scattering  phenomena  into  two 
categories,  those  associated  with  ‘thick*  and  with  ‘thin’  irregularities.  In  each  category, 
information  regarding  the  physical  characteristics  and  geographical  distribution  of  the 
pertinent  irregularities  will  be  summarized,  followed  by  a  discussion  of  the  resulting 
implications  for  propagation  and  a  review  of  the  propagation  experience. 

Before  discussing  these  categories  of  scattering  phenomena,  we  must  first  specify  in  what 
sense  the  terms  ‘thick’  and  ‘thin*  are  defined.  It  is  here  that  the  concept  of  an  'auto¬ 
correlation  function'  of  electron  concentration  is  useful,  by  which  is  meant  a  certain 
spatial  correlation  function  of  electron  concentrations  at  points  in  the  medium  that 
are  separated  by  a  specified  distance,  r  .  The  normalized  time  average  of  this  correlation 
is  known  as  the  autocorrelation  function,  p(r)  ,  and  a  sometimes  physically  applicable 
function  of  this  kind  is  the  isotropic  exponential  autocorrelation  function, 
p(r)  =  exp  (- r/l )  .  In  this  spherically  symmetric  case,  l  is  referred  to  as  the  scale 
size  of  the  irregularity,  which  corresponds  to  the  distance  in  which  the  correlation 
diminishes  by  a  factor  e  .  A  similar  autocorrelation  function  could  be  defined  for  a 
cylindrical  irregularity,  in  which  separate  exponentirl  factors  would  contain  transverse 
and  longitudinal  scale  sizes,  T  and  L  ,  respectively.  For  lack  of  a  better  description 
of  F-region  irregularities,  we  shall  use  this  concept  of  cylindrical  distributions  of 
ionization,  with  the  cylinders  oriented  so  that  T  is  transverse  to  the  geomagnetic 
field  and  L  is  aligned  with  the  field. 

Accordingly,  in  categorizing  the  scattering  phenomena,  ‘thick’  is  intended  to  refer  to 
transverse  scale  sizes  T  that  are  large  compared  to  an  exploring  wavelength,  while  ‘thin’ 
refers  to  transverse  scale  size.®  of  order  half  the  exploring  wavelength.  The  longitudinal 
scale  sizes  L  are  in  both  cases  one  or  more  orders  of  magnitude  greater  than  the  transverse 
scale  sizes.  The  ‘axial  ratio’  of  irregularities  is  defined  as  L/T  . 


2.  SCATTERING  PHENOMENA  ASSOCIATED  WITH  THICK  IRREGULARITIES 

2. 1  General 

The  presence  of  large  ionospheric  irregularities  is  often  manifested  by  the  ‘scintilla¬ 
tion’  of  radio  stars  and  of  satellite  signals.  The  term  ‘scintillation’  refers  to  fluctua^ 
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tions  with  time  of  the  amplitude,  angle-of- arrival ,  and  phaae  of  the  signals  from  such 
transmitters.  These  fluctuations,  or  scattering  effects,  are  imposed  by  passage  through 
ionospheric  irregularities,  and  have  been  correlated3,  with  the  observation  of  ‘spread-P* 
on  ground-based  ionosondes. 

The  term  ‘spread-P  ,  in  turn,  refers  to  configuration  of  weak  echoes  on  ionograms.  Such 
configurations  tend  to  appear  mainly  at  night  and  in  conjunction  with  the  trace  (which  they 
sometimes  obliterate)  corresponding  to  the  P- layer.  The  literature  concerning  this 
manifestation  of  F-region  irregularities  has  been  reviewed  by  Herman4.  Some  spread-P 
configurations  seem  to  result  from  thick  irregularities5,  some  from  thin  irregularities5, 
and  some  no  doubt  from  both  classes  of  irregularities,  and  it  is  not  always  readily  apparent 
just  how  the  configurations  arise.  Indeed,  many  workers  have  not  attempted  to  resolve  the 
confusing  spread-P  configurations  on  the  ionograms  that  are  obtained. 

Inferences  from  scintillation  studies  regarding  the  characteristics  of  thick  irregulari¬ 
ties  have  been  limited.  For  example,  information  pertaining  to  the  height  of  irregularity 
occurrence  is  not  readily  obtainable  from  the  scintillation  data.  However,  the 
scintillations  are  usually  imposed  while  the  radio  waves  are  traversing  the  vicinity  of 
the  height  of  maximum  electron  concentration  (h_„.).  Scintillation  measurements  obtained 
with  signals  from  satellite-borne  transmitters  in  asynchronous  orbits  offer  the  possibility 
of  determining  the  height  of  the  scattering  irregularities. 

The  scattering  phenomena  associated  with  the  thick  irregularities  causing  scintillations 
fall  into  two  categories:  (i)  Detrimental  effects  imposed  by  forward  scatter  during  ray 
passage  through  the  ionosphere,  and  (ii)  ducting  of  radio  energy  within  irregularities  that 
represent  a  depletion  of  electron  concentration.  The  observations  of  scintillations  pro¬ 
vide  a  means  for  estimating  the  factors  associated  with  the  detrimental  effects,  while 
radar  observations,  especially  from  ionosondes  in  satellites,  are  presently  the  best 
source  of  information  regarding  the  irregularity  characteristics  and  their  potentialities 
for  ducted  propagation. 

2.2  Detrimental  Effects  on  Space-Earth  Communications 

To  summarize  the  results  from  scintillation  measurements  that  are  pertinent  to  detri¬ 
mental  effects  on  propagation,  it  is  known  that  the  irregularities  occur  mainly  at  night, 
and  that  they  are  aligned  with  the  geomagnetic  field  lines.  The  transverse  dimensions  of 
the  thick  irregularities  range  from  100  m  in  the  auroral  zone7  to  500  m  at  the  magnetic 
equator8,  although  values  up  to  a  kilometer  have  been  reported  at  temperate  latitudes9. 

The  axial  ratios  reported  from  scintillation  measurements  range  from  5  to  10  or  more,  but 
observations  of  conjugate  ducts  (see  Section  2.3)  suggest  much  larger  values.  The 
altitudes  over  which  scintillations  are  obtained  are  from  about  200  to  1500  km  (Ref.  10). 

From  a  knowledge  of  these  characteristics  of  the  irregularities,  it  is  possible  to 
deduce  some  implications  for  earth-spac°  propagation.  In  particular,  one  would  expect  an 
‘aspect  sensitivity’  of  the  scintillations,  by  which  is  meant  a  dependence  upon  the 
propagation  geometry.  Scintillation  p°rturbations  of  radio  signals  are  thus  most 
significant  for  ray  geometries  in  which  the  earth-to- space  or  space-to-earth  propagation 
paths  are  perpendicular  to  the  irregularities.  Also,  scintillation  effects  are  encountered 
for  propagation  paths  in  the  equatorial  plane,  and  for  paths  north  of  the  vertical  in  the 
northern  hemisphere,  and  south  of  the  vertical  in  the  southern  hemisphere.  The  severity 
of  the  scintillations  would  be  expected  to  be  modulated  by  the  seasonal  and  latitudinal 
variations  of  irregularity  occurrence  and  intensities.  The  irregularities  also  tend  to 
occur  in  patches.  Experiments  indicate  that  the  regions  of  greatest  severity  are  the 
auroral  zone  and,  in  the  equatorial  ionosphere,  the  vicinity  of  the  magnetic  equator. 

Since  amplitude  scintillations  on  the  space  telemetry  band  (136-138  MHz)  in  the  auroral 
zone  can  have  peak-to-peak  variations  up  to  12  dB  or  more,  the  deleterious  effects  can  be 
quite  serious.  Inasmuch  as  the  scintillation  effects  depend  inversely  on  the  radio 
frequency  employed1  ,  it  is  evident  that  they  can  be  substantially  avoided  by  utilizing 
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sufficiently  high  frequencies.  Alternatively,  the  use  of  space  or  frequency  diversity 
for  reception  makes  the  application  of  lower  frequencies  more  tenable. 

2.3  Propagation  in  Ducts 

The  thick  Irregularities  responsible  for  scintillations  can  have  beneficial  propagation 
properties,  in  that  they  can  be  used  for  duct  or  waveguide  propagation.  Ground-based 
studies  of  ducted  propagation  along  the  entirety  of  a  geomagnetic  field  line  are  still  in 
the  realm  of  the  controversial  and  inconclusive  12 *  13.  However,  the  existence  of  ducted 
propagation  in  combination  with  refraction  has  been  inferred  from  certain  spread-F  configura¬ 
tions  on  equatorial  ionograms5.  Subsequently,  studies  from  ionosondes  on  satellites13*15 
have  been  a  powerful  tool  for  localizing  the  ducting  irregularities  and  for  demonstrating 
the  occurrence  of  conjugate  ducting  (propagation  along  ducts  extending  between  magnetically 
conjugate  points  in  the  ionosphere)  und  *near-end’  ducting  (propagation  along  ducts 
extending  downwards  along  geomagnetic  lines).  Also,  the  satellite  studies  reveal  pro¬ 
pagation  resulting  from  the  combination  of  ducting  and  refraction.  The  percentage  occurrence 
of  ducting  found  by  Calvert  and  Schmid15,  as  a  function  of  local  time  and  of  geomagnetic 
latitude,  is  shown  in  Figure  1.  Other  occurrence  patterns  have  been  obtained  by  Hice  and 
Frank16  It  would  be  expected  that  scintillation  phenomena  should  vary  in  much  the  same 

fashion.  The  latitudinal  variation  of  conjugate  ducts  observed  from  Explorer  XX  (Ref. 13) 
is  shown  in  Figure  2. 

The  possibility  of  practical  utilization  of  ducted  propagation,  for  example,  between 
conjugate  points  on  the  earth’s  surface,  is  problematical12,  13.  Also,  the  utility  of 
ducted  communications  between  the  earth  and  a  satellite,  or  between  satellites,  would 
seem  to  be  extremely  limited. 

Another  F-region  ‘scatter  propagation’  phenomenon  of  probably  limited  utility  is  the 
so-called  ‘whispering  gallery’  mode  of  propagation.  This  term  refers  to  refractively 
guided,  spherical  paths  about  the  earth,  conceivably  over  long  distances.  Perhaps  the 
antipodal  propagation  around  the  world  that  is  sometimes  experienced  is  attributable  to 
this  mode,  which  is  named  after  an  acoustical  propagation  phenomenon  that  has  been  noted, 
in  particular,  in  the  Whispering  Gallery  at  St.  Paul's  in  London.  The  reason  that  this 
mode  qualifies  for  inclusion  in  the  present  review  of  F-region  scatter  is  that  such  guided 
paths  cannot  be  entered  from  the  ground  unless  some  scattering  or  refraction  mechanism 
causes  radio  waves  to  attain  the  appropriate  angle  of  incidence  on  the  F-layer.  A  similar 
fortuitous  mechanism  is  required  for  reentry  to  a  reception  point  on  the  ground.  It  is 
likely  that  ducted  propagation  would  be  one  reasonable  method  for  fulfilling  this  require¬ 
ment  at  one  or  both  ends  of  a  transmission  path.  Grossi  and  Langworthy 17  report  maximum 
usable  frequencies  for  such  propagation  reaching  about  twice  those  for  the  equivalent 
multi-hop  paths,  with  reductions  in  attenuation  as  high  as  30  dB.  Their  studies  employed 
satellite-to-satellite  transmissions,  which  are  possible  only  infrequently. 


3.  SCATTFRING  PHENOMENA  ASSOCIATED  WITH  THIN  IRREGULARITIES 

The  su„j  id  of  F-region  scattering  from  thin  irregularities  turns  out  to  be  the  most 
promising  possibility  (treated  here)  from  the  stand-point  of  utility  for  telecommunications. 
For  many  years  there  have  been  noted  on  ionograms  certain  manifestations  of  such  scattering, 
known  as  ’spread-F’  .  The  mechanism  of  scattering  was  first  advanced  as  an  explanation  by 
Eckersley18.  The  worldwide  network  of  ionosondes  has,  over  the  years,  been  a  good  source 
of  data  on  scattering  from  thin  irregularities,  but  this  mode  was  not  usually  resolved  from 
other  modes  of  scattering. 

Although  multiple  scattering  from  turbulence  in  the  F-region  has  been  invoked  to  account 
for  spread-F  configurations19,  it  is  clear  that  turbulence  does  not  occur  above  about  100  km 
(Ref.  20).  However,  even  if  turbulence  did  extend  to  F-region  heights,  it  would  be  unlikely 
to  produce  multiple  scattering,  although  ducted  propagation5  can  be  considered  as  being 
tantamount  to  multiple  scattering.  However,  single  scattering  models  such  as  Renau’s21  were 
a  first  step  in  accounting  for  some  spread-F  configurations  arising  from  thin  irregularities. 
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Because  of  the  aspect  sensitivity  of  P-region  scatter  from  thin  irregularities,  it  is 
essential  to  attain  orthogonality  between  the  radio  wave  propagation  vector  and  the 
irregularities  in  order  to  obtain  coherent  echoes.  One  way  of  achieving  this  is  by 
observing  with  a  radar  in  appropriate  northerly  directions  in  the  northern  hemisphere, 
and  in  southerly  directions  in  the  southern  hemisphere.  In  the  vicinity  of  the  magnetic 
equator,  perpendicularity  is  achieved  in  the  vertical,  as  well  as  in  East-West  directions, 
or  in  other  words,  throughout  the  vertical  equatorial  plane.  Thus,  radar  studies  near  the 
magnetic  equator  achieve  a  certain  geometric  simplification,  which  is  advantageous  in 
studying  this  rather  complex  phenomenon. 

Radar  studies  at  HF  of  F-region  irregularities  have  been  conducted  at  temperate  latitudes 
by  various  groups2'2,  23,  and  at  auroral  latitudes24.  In  the  study  by  Weaver23,  echoes  weie 
obtained  at  altitudes  from  200  to  700  km.  The  feasibility  of  using  F-region  scatter  from 
these  irregularities  for  propagation  at  temperate  and  high  latitudes  is  not  clearly 
established.  It  is,  in  principle,  possible  to  obtain  a  favorable  geometry  for  such  scatter 
propagation  by  directing  transmitter  and  receiver  beams  toward  irregularities  in  such  a  way 
that  the  plane  of  propagation  is  normal  to  the  irregularities,  and  so  that  the  angles  of 
incidence  and  of  scattering  are  equal;  in  other  words,  the  requirement  is  the  same  as  that 
for  reflection  from  a  hypothetical  mirror  aligned  with  the  scattering  irregularity. 

Scatter  propagation  of  this  sort  is  more  customarily  reported  from  equatorial  latitudes, 
where  the  geometrical  requirement  (as  contrasted  to  the  radar  case)  is  simply  met,  and 
where  there  is  usually  an  abundance  of  thin  irregularities  from  which  to  scatter.  Trans- 
equatorial  scatter  propagation  is  encountered  both  at  HF  and  VHF  (Refs.  25-27) ,  but  there 
can  be  an  admixture  of  refractive  effects  that  tend  to  confuse  the  issue,  depending  both 
upon  the  propagation  frequency  and  the  separation  between  transmitter  and  receiver.  A 
review  of  the  more  complicated  propagation,  such  as  reported  in  References  25  and  26,  has 
been  presented  by  Nielson2.  A  summary  of  results  from  an  apparently  pure  case  of  VHF 
transequatorial  scatter27  is  presented  below. 

A  global  study  of  the  distribution  of  thin  irregularities  giving  rise  to  ‘aspect-sensi¬ 
tive’  scattering  has  been  obtained  from  satellite  ionograms15,  as  shown  in  Figure  3,  and 
by  other  workers16.  Morphological  results  from  ground-based  ionosondes  are  also 
available28,  29. 

The  thin  irregularities  at  equatorial  locations  have  been  studied  best,  by  fixed-frequency 
radar  techniques30,  ionosondes6,  and  VHF  forward  scatter27,  31.  Several  summaries  are 
available  of  the  characteristics  of  the  thin,  equatorial  scattering  irregularities  32*34. 
It  might  be  useful  in  the  following  to  review  the  equatorial  scatter  propagation 
results27’  31,  in  view  of  the  relative  purity  of  the  scattering  and  the  uniqueness  of  the 
interpretation. 

A  VHF  propagation  path  was  established  in  South  America  during  the  International 
Geophysical  Year  to  investigate  the  possibility  of  observing  F-region  scattering.  A 
frequency  near  50  MHz  was  employed.  The  transmitter-receiver  separation  was  arranged  with 
the  midpoint  at  the  magnetic  equator,  at  which  point  the  Huancayo,  Peru,  ionosonde  was 
operating.  Hie  separation  chosen  represented  an  effort  to  avoid  scattering  from  E-region 
irregularities,  and  was  2580  km,  as  shown  in  Figure  4.  Scatter  propagation  identifiable  as 
coming  from  irregularities  in  the  F-region  was  observed  to  occur  during  evening  hours, 
but  to  be  some  20  dB  weaker31  than  propagation  during  the  same  time  over  an  E-region  path 
with  the  same  midpoint  (cf.  Figure  5).  During  the  final  month  of  observations,  pulse 
measurements  were  obtained  over  the  propagation  path,  and  these,  in  conjunction  with  the 
Huancayo  ionograms,  made  it  clearly  demonstrable27  that  the  scattering  was  associated  with 
a  layer  of  irregularities  observable  in  the  F-region  ionograms  taken  at  the  midpoint 
(cf.  Figure  6).  Based  on  these  scatter  propagation  studies  and  the  simplicity  of  the 
equatorial  geometry,  considerable  insight  was  obtained  into  the  mechanisms  by  which  the 
spread-F  configurations  on  equatorial  ionograms  were  produced5,  6,  leading  to  the  ability 
to  interpret  some  sequences  of  ionograms  in  terms  of  drift  velocities6,  34. 
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Some  similar  VHP  scatter-propagation  studies  were  conducted  in  the  Par  East  during  the 
IGY  (Refs.  35  and  36).  These  were  at  somewhat  higher  latitudes  than  those  measurements 
Just  discussed.  There  is  some  indication  that  P-reglon  scatter  propagation  may  have 
occurred  during  evening  hours,  and  such  propagation  would  have  involved  the  aspect 
sensitivity  discussed  earlier. 

In  the  preceding  discussions  on  ionosonde  studies  of  morphology  of  P-region  irregulari¬ 
ties,  either  topside  or  ground-based  sounders  were  employed.  A  recent  study  by  Dyson37, 
Involving  a  simultaneous  comparison  of  the  two  kinds  of  ionograms,  indicates  that 
irregularities  are  more  usually  observed  in  the  topside  ionosphere,  extending  below  the 
height  of  maximum  ionization  only  part  of  the  time. 
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GEOMAGNETIC  LATITUDE 

Fig.  1  The  percentage  occurrence  of  ducting  spread-F  on  Alouette  Ionograms.  November  14 
ground  sunset  and  sunrise  are  shown.  (From  Calvert  and  Schmid  (Ref.  15)) 


Fig.  2  The  latitudinal  variation  of  conjugate  ducting  over  the  Americas  during  the  periods 
August-November  1964,  and  February-May  1965.  The  occurrence  of  conjugate 
ducting  is  expressed  as  the  number  of  conjugate  ducts  observed  per  minute 
of  data  times  the  cosecant  of  I,  the  dip  angle.  (From  Loftus,  et  al  (Ref.  13)) 
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The  percentage  occurrence  of 
topside  sounder  satellite, 
observation  period,  November 


aspect-sensitive  scattering  observed  by  the  Alouette 
Ground  sunset  and  sunrise  for  the  middle  of  the 
14,  is  indicated  (From  Calvert  and  Schmid  (Ref. 15)) 
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Pig. 4(a) 


Pig.  4(b) 


Vertical  plane  along  the  west  coast  of  South  America,  showing  the  network  of 
transmitting  and  receiving  stations  involved  in  the  International 
Geophysical  Year  VHP  forward-scatter  experiment. 

(Prom  Cohen  and  Bowles  (Ref. 31)) 
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Antenna-beam  intersections  for  the  E-scatter  and  F-scatter  circuits.  The 
approximate  loci  are  computed  for  the  height  (in  kilometers) 
adjacent  to  each  locus.  The  left-hand  diagram  is  for  the  E  paths, 
and  the  right-hand  diagram  is  for  the  F  path  (prior  to  raising  the 
antenna  beams  on  that  path).  (From  Cohen  and  Bowles  (Ref.  31)) 
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Pig.  5 


Fig. 6 


A  monthly  comparison  of  the  diurnal  variation  of  hourly  median  signal  strengths 
over  the  long  and  short  paths,  with  the  long-path  signal  shifted 
+30  dB.  (From  Cohen  and  Bowles  (Ref.  31)) 
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Simultaneous  recordings  on  1958  November  16  of  pulse  delay  and  signal  strength  over 
the  Antofagasta  to  Guayaquil  path,  with  selected  Huancayo  (midpoint)  ionograms. 

(From  Cohen  and  Bowles  (Ref.  27)) 
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SUMMARY 


Radio  observations  of  the  ionosphere  near  the  magnetic  equator  exhibit 
echoes  with  marked  frequency  scatter  during  evening  hours.  The  mean 
frequency  shift  is  predominantly  positive  but  decays  with  time.  A  model 
is  presented  to  explain  this  phenomenon  in  terms  of  asymmetric  atmos¬ 
pheric  waves  propagating  from  West  to  East  with  velocities  in  the  range 
100  to  150  m/s.  Statistical  evidence  is  presented  which  shows  that  the 
duration  of  the  echoes  peaks  around  60  min,  the  average  period  between 
the  onset  of  successive  echoes  is  also  about  60  min  and  the  occurrence 
of  these  echoes  exhibits  a  pronounced  minimum  in  the  summer. 
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RADIO-DOPPLER  OBSERVATIONS  OF  THE  IONOSPHERE 
NEAR  THE  MAGNETIC  EQUATOR 

Kenneth  Davies  and  Norman  J.F. Chang 


1.  BACKGROUND 

In  this  paper  we  propose  a  model  of  ionospheric  motion  to  explain  the  Doppler  shifts 
of  high-frequency  radio  echoes  observed  after  sunset  near  the  magnetic  equator.  The 
technique  and  the  type  of  records  obtained  have  been  described  by  Calvert  et  al.  1  and  by 
Davies  and  Barghausen2.  A  sample  record  of  the  phenomenon  being  discussed  is  shown  in 
Figure  1  and  consists  essentially  of  somewhat  diffuse  echoes  with  frequency  decreasing 
with  time  towards  the  carrier  frequency  (given  by  the  zero  on  the  frequency  scale).  Any 
negative  frequency  deviations  are  relatively  small.  The  appearence  of  these  echoes  is 
associated  with  the  occurrence  of  equatorial  spread-F  and  often  with  such  radio  phenomena 
as  equatorial  flutter  fading3. 

Starting  in  1961  Doppler  recordings  were  made  in  Africa  as  part  of  a  more  general  study 
of  oblique  radio  propagation.  The  earliest  observations  were  on  the  (3300  km)  path  Tripoli, 
Libya  to  Accra,  Ghana  and  Calvert  et  al.  1  explained  the  observed  frequency  variation 
(positive  Doppler  shift  decreasing  with  time)  with  a  model  of  magnetic  field-aligned 
ionospheric  irregularities  moving  from  West  to  East  with  velocities  in  the  range  100  to 
150  m/s.  The  fact  that  only  positive  frequency  shifts  were  observed  was  explained  by  the 
aspect-sensitive  geometry  of  the  reflecting  columns:  the  reflections  would  be  very  weak 
when  the  irregularities  lay  to  the  east  of  the  path. 

To  check  this  model  two  circuits  were  set  up  near,  and  roughly  parallel  to,  the  magnetic 
dip  equator,  which  eliminated  the  asymmetric  geometry  of  the  magnetic  field  over  the 
Tripoli-Accra  path.  Transmitters  were  installed  at  Monrovia,  Liberia  and  receivers  at 
Accra,  Ghana  (1180  km)  and  at  Natal,  Brazil  (2990  km).  Frequencies  near  10  MHz  and  20  MHz 
were  used  and  continuous  observations  were  made  over  the  period  December  1962  through 
December  1965.  Much  to  our  surprise  the  same  types  of  phenomena  were  observed  on  these 
paths  as  were  seen  on  the  Tripoli-Accra  path.  The  Doppler  shifts  were  predominantly 
positive,  with  only  a  slight  negative  shift,  as  in  the  example  shown  in  Figure  1. 


2.  SOME  STATISTICAL  DATA 

For  lack  of  a  better  term  we  have  given  these  descending  frequency  traces  the  name 
‘‘swoopers’’.  Some  statistical  data  on  these  '‘swoopers’’  are  given  in  Figure  2.  In  Figure  2(a) 
are  shown  the  parameters  used  to  describe  the  phenomenon,  namely,  the  duration  T  and  the 
interval  At  between  successive  echoes.  Figure  2(b)  shows  that,  on  most  nights  when  the 
phenomenon  occurs,  only  a  single  swooper  was  present.  Very  few  nights  had  as  many  as  five 
of  ,em.  The  duration  T  (Fig.  2(c))  varied  from  about  half  an  hour  to  about  two  hours, 
the  most  frequently  occurring  duration  being  about  one  hour.  Similarly  the  distribution 
of  At  given  in  Figure  2(d)  appears  to  have  a  peak  around  one  hour. 

Data  on  the  seasonal  variations  of  occurrence  of  swoopers  are  shown  in  Figures  3(a)  and 
(b)  respectively.  Both  histograms  exhibit  a  semi-annual  periodicity,  with  peaks  around 
February-March  and  October-November.  There  is  a  marked  minimum  during  the  summer  months. 
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3.  PROPOSED  MODEL 

The  fact  that  simpers  are  observed  over  West-East  paths  near  the  magnetic-dip  equator 
makes  the  model  of  rield-aligned  irregularities  untenable.  We  therefore  propose  an  alterna¬ 
tive  model,  which  is  illustrated  in  Figure  4(a).  The  surfaces  of  constant  electron  density 
are  asymmetrical  with  a  sharp  leading  (Eastern)  edge  and  ft  slowly  rising  trailing  edge. 

As  the  disturbance  moves  from  West  to  East,  radio  echoes  are  obtained  quite  far  to  the  west 
of  the  path  midpoint,  with  relatively  large  Doppler  shifts  which  will  diminish  to  zero  as 
the  bottom  of  the  irregularity  approaches  the  path  midpoint.  When  the  point  of  reflection 
is  to  the  east  of  the  midpoint  only  small  Doppler  shifts  are  possible. 

Using  some  reasonable  numbers  the  model  has  been  developed  a  little  further.  In  Figure  4, 
two  wave  crests  are  shown  at  a  height  of  280  km  moving  with  a  speed  of  113  m/s  and  separated 
by  a  distance  (wavelength)  of  400  km.  These  parameters  give  the  Af(t)  curve  shown  in 
Figure  4(b),  which  is  the  sort  of  record  obtained  in  practice.  Note  that  the  position  given 
by  X  =  125  km  is  arbitrary. 

It  may  be  relevant  to  note  that  such  asymmetric  waveforms  can  result  from  the  interaction 
between  an  atmospheric  gravity  wave  with  the  ambient  electron  density4. 
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Monrovia,  Liberia  to  Accra,  Ghana 
IO.IOI8  MHz 

Exanples  of  swoopers,  October  1963 


(a)  Parameters  Describing  Swoopers 


(b)  Distribution  of  Number  of  Swoopers  per  Night 


Number  of  Swoopers  per  Night 


(d)  Distribution  of  At,  Time  Between  Two  Successive  Swoopers 


At,  (min.) 


2 


Fig. 


Some  statistical  data  on  equatorial  swoopers 


Percentage  of  Nights  with  Swcopers 
Monrovia  to  Accra,  IO.IOI8  MHz. 


Height  (km) 
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(a!  Geometry  of  Model  Assuming  Horizontal  Movement  with 
Typical  Ray  Paths  ot  f=t( 


Pig. 4  Asymmetric  ionospheric  irregularities  (a)  suggested  to  explain  frequency 

characteristics  (b) 
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SUMMARY 


An  attempt  is  made  to  apply  the  technique  of  spaced  receiver  measurements 
of  fading  signal  propagation  to  include  some  cases  in  which  the  "drifting 
screen"  analysis  cannot  be  used  successfully.  One  such  case,  commonly  met 
in  practice,  is  the  presence  of  one  or  more  periodic  *ading  components, 
which  distort  the  cross-correlation  functions  between  separate  fading 
records.  It  is  suggested  that,  in  these  circumstances,  the  joint  probabi¬ 
lity  density  of  the  signal  fading  at  pairs  of  receivers  may  provide  useful 
information  about  the  properties  of  the  irregular  medium.  A  model  is 
considered  of  a  one -dimensional  sinusoidal  phase  screen,  modulated  by  a 
random  phase  component,  and  the  joint  probability  density  of  the  field 
strength  at  two  spaced  points  beyond  the  screen  is  derived.  It  is 
suggested  that,  in  situations  where  the  model  is  valid,  several  interesting 
parameters  of  the  medium  may  be  estimated  by  comparing  experimentally 
measured  fading  distributions  with  the  derived  ones.  An  attempt  is  made  at 
such  a  comparison,  using  data  obtained  from  measurements  of  geo-stationary 
satellite  transmissions.  Although  the  data  used  is  not  ideally  suited  for 
this  purpose,  there  is  some  indication  that  this  technique  may  prove  of 
practical  value. 
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JOINT  PROBABILITY  DENSITY  OF  SIGNAL  FADING  AT  SPACED  RECEIVERS 

T.J.  Elkins 


1.  INTRODUCTION 

The  method  of  the  “drifting  pattern",  devised  by  Briggs  et  al.1,  is  a  well  known  technique 
for  the  remote  analysis  of  the  structure  of  an  inhomogeneous  medium.  However,  for  a  variety 
of  reasons,  this  technique  frequently  breaks  down  in  practice.  Such  failures  usually  stem 
from  failure  of  the  initial  assumptions  to  be  satisfied.  When  the  fading  signal  iQ  non¬ 
stationary,  which  is  common  in  such  instances,  the  conventional  stochastic  assumptions  may 
no  longer  be  applied,  and  the  method  becomes  unreliable  or  impossible  to  apply.  A  signal 
which  exhibits  fading,  due  to  transmission  through  an  irregular  medium,  may  be  characterized 
by  its  probability  density  or,  more  generally,  by  the  joint  probibility  density  at  pairs 
of  points  in  the  scattered  or  diffracted  field.  The  probability  density  is  a  stochastic 
function  which  is  of  substantial  engineering  importance,  but  has  found  little  application, 
to  date,  in  the  study  of  the  properties  of  the  medium  itself. 

This  paper  is  intended  to  point  out  the  potential  use  of  multi-dimensional  probability 
densities  in  studies  of  irregular  media.  It  appears  to  be  easier  to  measure  joint  proba¬ 
bility  densities,  rather  than  cross-correlation  functions,  as  required  by  the  method  of 
the  drifting  pattern.  Furthermore,  it  is  not  necessary  to  assume  temporal  coherence  in 
the  fading.  In  the  conventional  technique,  when  this  assumption  is  not  satisfied,  the 
resulting  random  changes  in  the  fading  are  usually  characterized  by  a  parameter,  with  the 
dimensions  of  velocity  and  usually  denoted  by  Vc  .  It  has  not  been  found  possible  to 
ascribe  any  reliable  physical  meaning  to  this  quantity.  The  proposed  method,  however, 
suffers  from  the  disadvantage  of  being  rather  dependent  on  the  type  of  model  chosen  to 
specify  the  inhomogeneous  medium. 

In  this  paper  a  model  will  be  considered  which  appears  to  be  appropriate  to  a  type  of 
fading  frequently  encountered  in  practice.  Figure  1  shows  a  power  spectrum,  computed 
from  an  hour-long  sample  of  fading  data,  taken  from  observations  of  transmissions  from  the 
geo-stationary  satellite,  Canary  Bird,  at  136  MHz.  Several  pronounced  spectral  features 
are  apparent,  with  power  densities  exceeding  the  background  “noise"  by  an  order  of 
magnitude  -  a  figure  which  is  often  exceeded.  Figure  2  shows  the  computed  probability 
density  for  a  sample  of  data  which  contained  one  dominant  spectral  peak.  The  form  of 
this  function  is  that  of  a  Gaussian  process,  with  a  superimpose  periodic  component. 
Therefore,  to  illustrate  the  proposed  technique,  the  joint  probability  density  will  be 
computed  for  fading  produced  by  a  model  diffracting  screen,  incorporating  both  random  and 
periodic  components.  The  results  of  these  computations  will  be  compared  with  actual 
measurements,  to  the  extent  that  available  experimental  data  permit.  For  simplicity,  a 
one-dimensional  model  will  be  assumed  in  the  analysis.  Such  a  model  is  appropriate,  for 
example,  to  the  case  of  a  medium  containing  anisotropic  or  elongated  irregularities,  and 
there  is  considerable  evidence  in  the  literature  to  suggest  that  this  situation  is  commonly 
found  in  the  ionosphere. 


2.  ONE-DIMENSIONAL  SCREEN 

Let  the  plane  z  -  0  define  the  lower  boundary  of  the  ionosphere,  and  let  the  phase 
refractive  index  vary  sinusoidally  in  the  x-direction,  so  that  the  complex  amplitude  of  a 
unit  plane  scaler  wave,  emerging  downwards  from  the  layer,  is  given  by 
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E(x,  0)  =  exp{i<£  cos  [bx  +  <9 (x) ] > , 


(1) 


where 

b  =  27t/L 

L  is  the  irregularity  dimension 

8(x)  is  a  random  stochastic  function  which  modulates  the  phase  of  the  screen 

<p  is  the  magnitude  of  the  maximum  phase  excursion  on  the  screen. 

For  the  case  of  a  “thin”  or  “shallow”  phase  screen,  $<  1  ,  and  (1)  may  be  written 
approximately 


E(x, 0)  ~  1  +  i$  cos  [bx  +  #(x)] 

(2) 

or 

E(x,  0)  ^1  +  10  e(x,  0)  , 

(3) 

where  e(x)  represents  a  modulation  component  in  quadrature  with  the  unit  unperturbed 
wave. 

The  spatial  properties  in  the  field  will  be  determined  by  those  of  this  modulation 
component.  Viewed  physically ,  this  is  a  result  of  the  fact  that,  since  0<  1  ,  the  various 
components  of  the  modulation  term  interfere  only  with  the  unit  plane  wave,  while  the 
interference  between,  different  modulation  components,  being  of  order  <p2  ,  is  negligible. 

Let  e(x)  =  cos  [bx  +  (9(x)]  =  X(x)  sin  bx  +  Y(x)  cos  bx  ;  (4) 

then  e(x  +  £)  =  X(x  +  £)  sin  b(x  +  £)  +  Y(x  +  £)  cos  b(x  +  £)  .  (5) 

Define  the  spatial  frequency  density  as 


g(ks) 


r(£)  cos  k£  d£  , 


(6) 


where  s  is  the  sine  of  the  angle  between  the  incident  propagation  vector  and  an  arbitrary 
point  in  the  diffracted  field,  and  r(£)  is  the  normalized  auto- correlation  function  of 
e(x)  . 


Then 


1  f00 

X2(x)  =  f2(x)  =  —  j  g(ks)  d(ks)  =  1 

2v  •-<= 


(X(x)  X(x  +  £))  =  (Y(x)  Y(x  +  £)>  =  —  f  g(ks)  cos  k£  d£  =  r(£) 

277  J-® 


while,  if  g(ks)  is  assumed  to  be  symmetrical  about  the  value  g(0), 


(7) 

(8) 


1  »® 

(X(x)  Y(x  +  £)>  =  (X(x  +  £)  Y(x)>  =  —  g(ks)  sin  bf  d^  =  0 

277  J-00 


(9) 


Using  (6),  (7),  and  (8),  it  can  be  easily  shown  that 

<e(x)  e(x  +  £))  =  r(£)  cos  b£, 


(10) 


where  <)  denotes  spatial  averaging. 

Thus  the  spatial  auto-correlation  function  in  the  field,  immediately  beyond  the  screen, 
is  the  product  of  a  sinusoidal  component,  of  period  b  =  277/L,  with  the  auto- correlation 
function  of  the  random  phase  component. 
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The  propagation  of  the  wave  beyond  the  screen  (in  the  region  z  >  0)  is  described  by 
the  Fresnel  -  Kirchhoff  integral 


E(x,  z)  =  -  J  J  exp  i{0  cos  b£  +  ks(x  -£)  -  kz  v/(l  -s2)}  d£ds  .  (11) 

K  -ar 

Again,  using  approximation  (2),  and  noting  that  s  is  small  (s&A/L),  the  result  is 
obtained  that,  for  z  L  2/rr\  -  z  R, 


E(x, z)  =  e 


■  ikz 


77\z  r  „  ,  Vkz 

1-0  sin  — -  cos  [bx  +  9(x)  J  +  i0  cos  — 5-  cos  [bx  +  0(x)]  f  .  (12) 


Thus  the  spatial  properties  (phase  and  amplitude)  of  the  diffracted  field,  within  the 
Fresnel  limit,  are  identical  with  those  of  the  screen.  The  instantaneous  power  in  the 
diffracted  field  exhibits  a  maximum  value  of 

P-»ax  =  E(x,z)E*(x,z) 

~  1  -  20  sin  —  (13) 

ZR 


when  cos [b  +  0(x)]  =  1. 

If  a  stochastically  stationary  model  is  assumed,  the  relative  power  distribution  in 
the  fading  signal  may  be  simply  written.  Equation  (37)  is  an  example  of  the  complexity 
which  results  when  non-stationary  models  are  considered. 


3.  RELATIVE  POWER  DISTRIBUTION  IN  THE  FADING  SIGNAL 

The  mean  value  of  E(x)  is  (neglecting  the  Z-dependence) , 


E(x) 


.0 

=  *  I 

*  -00 


cos  (bx  +  6)  p(9)  d<9  . 


The  power  contained  at  spatial  frequency  b  is 
Pb  =  <[E(x)]2) 

=  <P2 J  (cos  (bx  +  cos  (bx  +  d2))  p(6 j)p(<9 2)  d9 ^8 2  . 

In  performing  the  spatial  averaging,  dd/dx  is  assumed  small  compared  to  b 
i.e.,  Pb  =  i0J  J  cos  (9^-dJ  p(81)p(92)  d91d8?  . 

If  8  is  distributed  symmetrically,  as  previously  assumed, 

)  2 


20 2|  J  cos  6  p{6)  d $j> 


e.g. ,  if  p (8)  = 


o\/(2tt) 


exp 


,2  a1 


(14) 


(15) 


(16) 


(17) 


(18) 
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i.e.,  if  the  phase  is  normally  distributed,  then 


Ph  =  i02 


if 


cos  6  exp  - 


e2\ 


_  i,a,2  -a' 

-  6 

Hence  the  ratio  of  the  powe^  contained  in  the  random  modulation  to  that  contained  in  the 
sinusoidal  component  is  ea  -  1  .  If  this  ratio  is  denoted  by  R  ,  then  the  variance  of 
the  phase  deviation  on  the  screen  may  be  estimated  from  the  power  spectrum,  using  the 
relation 

o-2  =  loge  ( 1  +  R)  .  (19a) 


4.  JOINT  PROBABILITY  DISTRIBUTION 

It  is  required  to  determine  the  two-dimensional  probability  density,  p(Ej, E2)  ,  in 
the  diffracted  field,  where 

E^x)  =  cos  [bx  +  0(x)]  (20) 

and  E2(x)  =  E^x  +  £)  ,  (21) 

where  6(x )  is  now  assumed  to  be  a  Gaussian  process  with  zero  mean. 

In  order  to  determine  p(ErE2)  ,  it  is  convenient  to  first  derive  the  two-dimensional 
characteristic  function  of  the  two  random  variables,  Ej  and  E2  ,  which  may  be  denoted 
by  0(k1,x2)  . 

Thus,  writing  the  phasors  of  Ej  and  E2  as 

Sj  =  bx  +  8(x)  (22) 


§,  =  b(x  +  £)  +  1 9(x  +£)  , 


it  follows  that 


O00 

^  exp  KKj  cos  Sj  +  k2  cos  8?)  K(5rS2)  dS1dS2  . 


Here,  the  kernel,  K(81,82)  ,  is  the  joint  probability  density  of  the  normally  distri¬ 
buted  variables  8t  and  8?  ; 


i.e.,  K(8rS2)  = 


27TO- V(l-rz(f)) 


2cr2  [l 


-  r2(^)]  _(Sl" 


bx)2  - 


-  2r(^)(S1-  bx)(82  -  bx  -  b£)  +  (S2  -  bx  -  bf)2  L.  (25) 


The  characteristic  function  of  the  density  K(S1(82)  is 


H(j  ,m)  =  exp  [ij  bx  +  imb(x  +  b)  -  z^2( j  2  +  m2  +  2jmr(£)  ] 
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The  required  characteristic  function  cpix^.K^)  may  then  be  found,  in  terms  of  H(J,m)  , 
by  using  the  expansion 

00 

exp  iK  cos  5  =  S  inJ  (*)elnS  ,  (27) 

n=-oo 

where  Jn(*)  is  the  Bessel  function  of  order  n  . 

Thus, 

4>(xrx7)  =  S  S  i1+m Jj  (*1)Jm(*2)H(J-ni)  .  (28) 

j  =  "CO  m=-0D  J 

Then  the  required  probability  density,  p(Ej,E2)  ,  is  found  by  performing  the  inverse 
Fourier  Transform 

P(Ei,E2)  "  (j^j  V-i(KF,+  xp2)  4*xvk2)  &k£k2  .  (29) 

Substituting  (28)  into  (29)  and  reversing  the  order  of  integration  and  summation  yields 


1  OP  00 


P(Er E2)  =  — 2  S  S  H(j,m)rj(E1)rn(E2)  , 

(  ZTi)  J  =  -oo  ra=  -CO 


/co 

ooJT(x)ex»  <-i*E)  dx 

It  can  be  shown  that 


2TJ1(E)  for  |E|  <  1 


rr(E)  =  r  r(E) 


/(1-E2) 


for  |E|  >  1  , 


(30) 

(31) 

(32) 


where  Tr(E)  is  the  Tchebychev  polynomial  of  the  first  kind,  of  order  r  . 

In  order  to  evaluate  p(Ej,E2)  in  (30)  explicitly,  it  is  necessary  to  make  use  of  the 
following  property  of  characteristic  functions,  for  a  normal  process2: 

H(j  ,ra)  =  H(j)H(m)  exp  -  [jma2r(£)]  ,  (33) 


where  H(j)  and  H(m)  are  the  characteristic  functions  of  the  one -dimensional  densities, 
K(S x,  0)  and  K(0,S2),  respectively. 

Then,  from  (26)  and  (33), 


H(j.m) 


exp  iljbx  +  mb(x  +  £)]  exp 


+  m2)  exp  -jmcr2r  (£) 


Substituting  into  (30)  gives 


P(E1,E2) 


W.  Tra(E2) 
vVl-E2)  v  (l  -  e|) 


(34) 


(35) 
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Noting  the  symmetry  properties  of  the  Tchebychev  polynomials,  the  double  summation  may 
be  written  in  the  form  represented  by  the  following  symbolic  notation: 


4  A 

J  =  -QD 


CD 


i:  (s 


J.m 


) 


0D  CD 

4  52  52  + 

J  =  1  IDs  1 


+  ®.-0  j_j  +  ®J  =  oSm=o 


(36) 


Under  this  summation,  (34)  and  (35)  together  result  in 


-1  p(E.)  P(E.) 

P(E  E  )  =  —r~, - r— - - r*  +  —7 - ; r  +  —7 - 

1  2  772/(l  -  E^) »/ ( 1  -  E2)  77/(1  -  E2)  77/(1 -Ej) 


-  +  -77 - 5 — 7 - 7  4 Tt (E  )T  (E  )F(j,m)  exp - (j2  +  m2) 

772/(l- E2)/(l  -E2)  ““  J  1  m  2  2 


>,  (37) 


where 

F(J,m)  =  cos  jbx  cos  mb(x  +  £)  cosh  [jmcr 2r (^) ]  + _ 

....  +  sin  jbx  sin  mb(x  +  sinh  [jmcr2r  (<f)  ]  (38) 


and  p(Ej),  p(E2)  are  the  one-dimensional  probability  densities  of  the  variables  Ej  and 


E?; 


and 


i.e.,  p(E  )  =  —7 - t—<  1  +2  52  T,(E.)  cos  jbx  exp  -  {j2crd  (39) 

tt/(1-E2)  1  J=1  J 

1  r  'i 

1  +  2  Lt,  (E?)  cos  mb(x  +  £j  exp  -ym2cr2f  . 


P(E,)  = 


2  ”  77/(1  -e2)| 


m=  1 


(40) 


The  general  solution  for  p(Ej,E2)  is  complicated,  but  (37)  may  be  appreciably 
simplified,  under  certain  conditions. 

Thus,  for  <T2r(£)  »  1  ,  F(j,m)  in  (38)  may  be  approximated  by 

F(j,m)  =  i  exp  [jmc72r(i)]  cos  [jbx  -  mb(x +£)] 

so  that 


(41) 


F( j , m)  exp  -  —  (j  2  +m2)  -  r  exp 


~  (j  -  m)2  -  jmcr2  [l- r(£)]  cos  [jbx -  mb(x  +  £)]L  .  (42) 


In  performing  the  double  summation  in  (37),  it  is  permissible  to  consider  only  the  first 
few  terms,  since  the  coefficients  decrease  rapidly  with  increasing  j  and  m  .  Further 
more,  by  virtue  of  the  negative  exponent  in  (42),  and  because  a2  »  1  (for  r(£)  not 
too  close  to  unity),  it  is  only  necessary  to  consider  terms  in  which  j  =  m  .  Finally, 
it  is  apparent  that,  for  a2  »  1  ,  p(Ej)  and  p(E2)  in  (39)  and  (40)  reduce  to 


P(E  j) 


1 

^  . 

77/(1 -E2) 


(43) 


P(E  ) 

7 


1 

77/d-E2) 


(44) 
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Thus 


if®  | 

P(E., E  )  -  77 - : - ; - -  1  +  2  S  T^EJT^E.)  exp  [-j2cr2[l  -  r(£)]  cos  jb£]  f  . 

i  2  7tV(1-E2)  /( 1  -E2)  J=i  J  1  J  2  J 


(45) 


Note  that,  since  the  densities  in  (37),  (39),  and  (40)  contain  the  variable  x  ,  u«. . 
the  one-dimensional  and  joint  densities  are  non-stationary,  in  the  general  case.  This  is 
fundamentally,  a  result  of  the  fact  that  the  phase  in  (20)  is  not  uniformly  distributed. 
Since  the  assumption  cr2  »  i  amounts  to  considering  uniformly  distributed  phase,  the 
densities  in  (43),  (44)  and  (45)  become  stationary,  and  are  consequently  much  easipr  to 
manipulate.  Although,  in  practice,  a  fading  signal  may  often  be  characterized  by  a 
stationary  probability  density,  experience  shows  that  such  an  assumption  is  frequently 
not  justified.  In  such  cases  there  is  no  alternative  to  the  use  of  the  more  general 
densities  in  (37),  (39),  and  (40). 


Where  the  use  of  the  stationary  representation  is  valid,  (45)  may  be  further  simplified 
by  noting  the  following  property  of  the  Tchebychev  polynomials: 


Tj (E)  =  cos  jS 

where  E  =  cos  S  . 


Then  (45)  may  be  written 


1 


p(E  E  )  =  - - - —  ^  1  +  2  £  £  cos  ja  exp  -j  2cr2  [l-  r(£)H  , 

772  sin  g  sin  §  <J=1  J  =  i  J 


(46) 

(47) 

(48) 


where  at  =  8j  -  S,2  +  b£ 
a2  =  Si  +  S2  +  b£ 
a3  =  -  S2  -  b£ 

a4  =  5!  +  S2  -  •  J 


(49) 


The  infinite  series  appearing  in  (48)  has  been  summed  numerically,  using  an  IBM  7094 
computer,  and  is  illustrated  in  Figure  3.  The  series,  however,  is  rapidly  convergent 
under  the  assumed  conditions  and  may,  for  many  purposes,  be  well  approximated  by  its 
first  term  (i.e.,  j  =  1).  When  this  is  permissible,  the  density,  after  some  reduction, 
degenerates  to 


PtE^Ej) 


2E1Eg  cos  b£  e"17^1  '  r(f)^ 
772/(l-E2)  /(1-E2) 


(50) 


Relations  (45),  (48),  and  (50)  are  valid  for  large  phase  variance,  i.e.,  a2  »  1,  and 
for  r(£)  not  too  close  either  to  0  or  1.  It  is  of  interest  to  consider  now  the  limits 
approached  when  r(g)  tends  to  zero  and  unity  respectively. 


(i)  When  r(£)  -  0  ,  Et  and  E2  are  nearly  independent  and 
p(E1,E2)  -  p(Ej)  p(E2) 

_ 1 _ 

ttV{(1-E2)  (1-E2)} 


(51) 
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(ii)  For  cr2  »  l  and  r(£)  ~  1,  i.e.,  a2[l-r(f)]  ~  0  ,  the  distribution  reduces 

approximately  to  a  family  of  ellipses, 


„  cos  , 

E’  +  4EiE?  -Z5T  +  E>  =  2  • 


i 


77'K 


(52) 


where  K  is  a  specified  value  of  p(Ej,E2)  .  The  ratio  of  the  axes  is 

Ktt2  +  2  cos  bf] 

K772  -  2  cos  b£ 


5.  COMPARISON  WITH  EXPERIMENT 

Equations  (10),  (19a),  (48),  and  (50)  represent  results  which  might  be  compared  with 
suitable  experimental  data,  under  the  conditions  for  which  the  initial  assumptions  are 
valid.  Using  a  sufficient  number  of  receivers,  b  ,  cr2  and  r(£)  might  thus  be  estimated. 
The  main  limitation  is  the  necessity  for  quasi-stationar ity,  represented  by  the  requirement 
that  the  spatial  rate  of  change  of  phase  modulation  be  small  compared  to  the  spatial 
frequency.  Clearly,  this  condition  is  not  always  met,  so  that  some  selection  of  data  is 
necessary.  From  very  limited  experience,  however,  it  appears  that  the  results  derived  may 
be  of  some  use,  even  when  this  requirement  is  not  strongly  satisfied.  It  should  be  noted 
that,  since  the  form  of  the  distribution  (50)  does  not  depend  on  the  parameters  of  the 
medium,  but  only  its  amplitude,  measurements  at  two  locations  will  not,  in  general,  be 
sufficient.  This  does  not  apply,  however,  to  the  limit  represented  by  (52). 

5.  1  Experimental  Details 

The  experimental  arrangement  which  was  available  at  the  time  of  writing  was  not  well 
suited  for  this  comparison,  since  it  was  designed  for  another  purpose.  Nevertheless, 
several  different  baseline  lengths  were  used  simultaneously,  so  that  some  limited  informa¬ 
tion  has  been  gathered.  The  136  MHz  transmissions  from  the  geo -station ary  satellite  AT5-3 
were  recorded  continuously  at  a  number  of  receiving  locations,  arranged  as  shown  in 
Figure  4.  Similar  observations  of  the  136  MHz  transmissions  from  the  geo-stationary 
satellite,  Canary  Bird,  were  also  recorded  at  two  of  these  sites  (150  ft  dish  and  the  lower 
Yagi)  as  well  as  at  the  locations  shown  in  Figure  5.  Note  that  the  dimensions  of  the  two 
arrays  differ  by  roughly  an  order  of  magnitude.  The  detector  characteristics  were  similar 
and  approximately  linear  over  most  of  the  fading  range  but  approached  square- law  at  very 
low  levels.  No  compensation  for  this  low  level  behavior  has  been  made  in  the  subsequent 
analysis,  although  this  would  be  necessary  in  a  more  precise  study. 

Data  were  recorded  on  multi-channel  magnetic  tape,  at  a  central  location,  and  converted 
to  digital  form.  Selected  samples  of  data  were  subjected  to  spectral  analysis,  and  those 
displaying  pronounced  spectral  features  were  analyzed  to  determine  the  appropriate  probabi¬ 
lity  densities.  As  a  further  selection  criterion,  only  those  records  were  chosen  for  which 
a  reasonably  confident  estimate  could  be  made  of  the  drift  velocity  of  the  medium.  This 
was  done  by  applying  the  so-called  “full  correlation”  analysis,  and  rejecting  data  which 
exhibited  inconsistencies.  Furthermore,  only  those  records  were  selected  which,  while 
displaying  a  sinusoidal  component,  were  immediately  preceded  and  followed  by  periods  with 
no  such  periodic  component,  and  which  gave  consistent  velocity  estimates.  Thus,  in  the 
attempt  to  ensure  satisfaction  of  the  initial  assumptions,  while  still  retaining  reasonably 
reliable  secondary  information,  the  number  of  suitable  data  samples  which  resulted  proved 
to  be  very  small. 

Figure  6  shows  a  short  sample  of  the  analog  records  of  ATS-3  from  two  receivers,  separated 
by  200  m,  in  the  two  upper  traces.  The  lower  trace  shows  the  time  variation  of  the  cross - 
correlation  coefficient,  calculated  by  an  analog  computer,  although  the  remainder  of  the 
results  reported  here  were  computed  digitally.  There  is  a  well  defined  periodic  component 
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present,  with  a  period  of  approximately  17  seconds  (note  that  the  cross-correlation 
coefficient  record,  due  to  the  method  of  computation,  is  symmetrical  about  its  mid-point). 
Since  the  drift  velocity  at  this  time  was  approximately  65  m  sec"1,  the  parameter  L  ~  1100m, 
which  considerably  exceeds  the  receiver  baseline,  if  the  sinusoidal  component  is  presumed 
to  move  with  the  mean  drift  velocity.  From  (10),  since  b  and  £  are  known,  the  correla¬ 
tion  coefficient  of  the  random  component,  averaged  over  the  time  interval  shown,  is 
approximately  0.9.  Thus,  although  the  characteristic  dimension  associated  with  the  random 
component  cannot  be  accurately  estimated  from  this  single  measurement,  the  approximation 
represented  by  (52)  appears  to  be  tolerably  well  satisfied.  Figure  7  shows  the  computed 
joint  probability  density  for  a  15-minute  data  sample,  incorporating  the  smaller  sample  of 
Figure  6.  Ej  and  E2  are  plotted  in  arbitrary  units  and  are  approximately  normalized  to 
the  same  scale.  The  contours  are  the  loci  of  points  of  constant  joint  probability,  and  are 
seen  to  be  of  rather  closely  elliptical  form,  aligned  in  the  direction  shown  by  the  straight 
line.  This  is  the  behavior  expected  if  (52)  is,  in  fact,  valid.  However,  the  value  of 
cr 2  appropriate  to  this  distribution  is  a2  ~  4.  5  ,  so  that  the  requirement  of  large  phase 
deviation  is  only  poorly  satisfied.  Furthermore,  the  anisotropy  of  the  ground  pattern 
immediately  before  and  after  the  period  under  discussion  was  approximately  1.8,  so  that  the 
requirement  for  one-dimensional  geometry  is  also  poorly  satisfied. 

To  examine  the  other  limit  represented  by  (51),  a  sample  of  Canary  Bird  data  was  analyzed, 
which  showed  cnaracteristics,  on  the  120  m  baseline,  very  similar  to  Figures  6  and  7. 

However,  in  this  case,  the  data  from  the  10  km  baseline  were  also  available,  and  the  joint 
density  is  shown  in  Figure  8.  Clearly,  there  is  no  resemblance  between  this  result  and  the 
predicted  distribution  (51).  The  square  root  terms  in  the  denominator  of  (51)  reflect 
critically  the  regularity  of  the  peaks  of  the  periodic  component.  It  is  apparent  that  these 
peaks,  in  the  recorded  data,  are  sufficiently  poorly  defined,  and  that  there  is  sufficient 
amplitude  variation  along  the  long  baseline,  to  wash  out  the  sinusoidal  characteristics  in 
the  probability  distribution.  What  remains  is  simply  the  joint  distribution  of  two 
effectively  independent  random  variables. 

An  intermediate  case,  which  might  be  supposed  to  correspond  to  (45)  or  (50),  has  been 
selected  and  its  joint  probability  density  is  shown  in  Figure  9.  In  this  sample,  the 
computational  resolution  has  been  improved  by  a  factor  of  2  over  the  previous  examples 
These  data  are  from  the  200  m  baseline  recordings  of  ATS-3,  with  L  ^  600  m,  and  r(£)  ^0.6. 
The  anisotropy  of  the  ground  pattern  was  approximately  2.0,  and  the  "quasi-stationarity" 
requirement  was  not  well  satisfied,  since  the  characteristic  scale  of  the  random  component 
was  of  the  same  order  as  the  periodic  component.  Figure  9,  nevertheless,  shows  some 
tendency  to  conform  to  the  distribution  (45),  especially  in  the  lower  left  corner,  where 
the  bulk  of  the  distribution  lies.  The  effect  of  the  square  root  factors,  although 
distorted,  is  discernible.  However,  the  distribution  is  asymmetrical,  which  is  caused,  at 
least  partially,  by  the  signal  level  frequently  exceeding  the  dynamic  range  of  the  recording 
tape,  owing  to  intense  scintillation  activity.  Because  of  these  limitations,  no  attempt  has 
been  made  to  fit  the  computed  distribution  to  the  data,  since  the  effort  involved  would 
scarcely  be  warranted.  However,  a  suitable  procedure,  if  applied  to  data  of  good  quality, 
could  yield  estimates  of  b  and  cr2[i  -  r(s)l  .  If  were  independently  estimated,  for 
example  from  the  considerations  in  Section  3,  then  r(£)  could  be  found,  and  eventually  the 
characteristic  scale  size  of  the  random  components. 


6.  CONCLUSIONS 

An  attempt  has  been  made  to  extend  the  application  of  spaced  receiver  measurements  of 
fading  propagation  beyond  the  conventional  drifting-screen  technique.  In  particular,  some 
allowance  has  been  made  for  the  presence  of  a  periodic  component  in  the  fading,  which  seems 
to  be  encountered  frequently  in  practice.  Of  necessity,  since  the  approach  is  statistical, 
only  quasi-stationary  fading  is  considered.  A  model  of  a  one-dimensional  screen  was  postu¬ 
lated,  containing  both  periodic  and  random  components,  and  the  propagation  in  the  space 
beyond  the  screen  was  examined.  The  joint  probability  density  of  the  signal  fading  at  two 
points  in  the  diffracted  field  was  derived,  and  various  limiting  cases  considered.  In 
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addition,  the  distribution  of  fading  power  between  the  periodic  and  random  components  was 
derived.  In  order  to  test  the  validity  of  the  derived  results,  a  comparison  was  attempted 
with  some  available  fading  data  of  geo-stationary  satellite  transmissions,  recorded  at 
spaced  receivers.  Although  the  data  available  were  far  from  ideal  for  this  purpose,  there 
is  evidence  that  the  proposed  model  may  be  appropriate  under  certain  circumstances.  In 
such  cases  it  appears  possible  to  estimate  several  parameters  of  interest,  which  relate  to 
the  characteristics  of  the  fading  medium. 
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Short  baseline  receiver  network  used  for  satellite  transmission  reception 
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Lower  trace  shows  time  variation  of  normalized  cross-correlation  coefficient. 
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SUMMARY 


Results  are  presented  of  a  study  of  satellite  scintillation  on  40  MHz 
as  observed  from  a  station  on  Spizbergen.  There  is  a  polar  region  of  the 
ionosphere  which  gives  rise  to  scintillation.  This  region  has  no  observed 
poleward  boundary,  but  has  a  southern  boundary  at  L  -  16  during  magneti- 
cal ly  quiet  days  (Kp  =0).  At  night  the  boundary  is  out  of  range  of  the 
station  (L  ^  6).  During  daytime  the  southern  boundary  is  observed  to  be 
very  Kp-dependent,  moving  out  of  range  of  the  station  for  Kp  ^  3. 

While  the  southern  boundary  has  a  diurnal  motion  and  is  Kp-dependent, 
the  time  of  day  or  Kp  does  not  seem  to  affect  the  depth  of  scintillation 
within  the  region  producing  scintillation. 

The  fading  rate  increase:  with  increasing  fading  depth. 

A  model  in  which  field- al igned  irregularities  are  produced  by  soft 
particle  precipitation  is  considered.  Preliminary  results  of  measure- 
mentsof  soft  electrons  have  been  published  in  References  2  and  3.  Fluxes 
of  the  order  of  10  1 2  particles  per  (m2  sec  keV)  at  1  keV  have  been  observed 
to  reach  to  high  latitudes  and  they  show  large  and  rapid  variation.  If 
these  variations  are  spatial,  field-aligned  irregularities  must  be  pro¬ 
duced.  It  is  not  yet  clear  whether  such  irregularities  can  account  for 
the  observed  scintillation. 
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HF  RADAR  SIGNATURES  OF  TRAVELING  IONOSPHERIC  IRREGULARITIES 
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A  condensation  of  a  paper  to  be  submitted  to  Radio  Science 


A  technique  is  described  for  simulating  a  multitude  of  ground-backscatter 
displays  using  information  supplied  by  three-dimensional  computer  ray  tracing. 
Model  ionospheres  containing  realistic  wavelike  traveling  disturbances  are 
used  to  produce  representative  displays  and  to  correct  some  misconceptions 
about  the  interpretation  of  backscatter  signatures. 
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HF  RADAR  SIGNATURES  OF  TRAVELING  IONOSPHERIC  IRREGULARITIES 
3D  RAY-TRACING  SIMULATION 

T.M. Georges  and  Judith  J.  Stephenson 


1.  INTRODUCTION 

The  usefulness  of  HF  ground- backscatter  radars  in  Ionospheric  mapping  and  surveillance 
systems  depends  on  an  ability  to  recognize  and  interpret  radar  echoes  arising  from  focusing 
by  natural  ionospheric  inhomogeneities.  Although  the  first  backscatter  soundings  of  the 
ionosphere  were  made  over  two  decades  ago,  1,2  little  progress  towards  understanding 
backscatter  signatures  in  terms  of  ionospheric  motions  and  structure  has  been  evident, 
mostly  because  of  the  complexity  of  analyzing  radio  propagation  in  an  irregular  ionosphere. 
Defense  applications  of  HF  radar  have  stimulated  renewed  interest  in  the  problem,  and  two 
recent  developments  hold  the  promise  of  significant  progress  in  the  future:  the  availability 
of  a  fast,  accurate,  three-dimensional  ray-tracing  computer  program3  and  the  development 
of  some  understanding  of  how  atmospheric  waves  cause  traveling  irregularities  in  the 
ionosphere.  Computer  ray  tracing  permits  rapid  analysis  of  radio  paths  through  arbitrary 
model  ionospheres,  while  traveling  disturbances  have  been  found  to  play  a  major  role  in 
the  dynamics  of  the  ionospheric  F-region  and  thus  in  modifying  long-range  radio  paths 
through  the  ionosphere. 

This  paper  shows  how  these  two  developments  are  used  to  create  a  technique  for  simulating 
and  displaying  on  a  digital  computer  the  HF  radar  signatures  of  realistic  traveling 
disturbances  in  virtually  any  radar-display  mode.  Some  sample  displays,  constructed  using 
model  disturbances  resembling  atmospheric  gravity  waves,  show  features  that  are  commonly 
observed,  but  also  show  that  conventional  interpretations  of  these  signatures  can  lead  to 
gross  errors  in  estimating  irregularity  structures  and  motions.  The  simulation  technique 
is  not  restricted  to  traveling  disturbance  models,  but  can  be  applied  to  any  three- 
dimensional,  time-varying  ionosphere. 


2.  IMPLICIT  ASSUMPTIONS 

To  simplify  the  interpretation  of  the  results,  as  well  as  for  economic  reasons,  the 
ground- backscatter  process  has  been  idealized  by  the  following  assumptions: 

(a)  The  effects  of  the  earth’s  magnetic  field  (anisotropy)  and  electronic  collisions 
(absorption)  are  neglected. 

(b)  Backscatter  takes  place  via  two-way,  one-hop  propagation  over  the  same  ray  path. 

(c)  The  ground-scatter  coefficient  is  uniform  over  the  surface  of  the  earth  and  varies 
only  as  cosn0  ,  where  <//  is  the  angle  of  incidence  on  the  earth’ s  surface,  and 

n  is  an  integer  taken  as  unity  in  this  paper. 

(d)  Radio  waves  illuminating  the  ground  or  backscattered  to  the  radar  over  diverse 
paths  add  incoherently  at  least  when  a  time  average  is  considered. 

This  simplified  picture  hopefully  retains  the  essential  features  of  the  backscatter 
process  while  eliminating  complications  that  may  obscure  the  results  and  add  little 
to  a  basic  understanding  of  the  signatures. 
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3,  EXTENSION  OF  THE  BACKSCATTER- AMPLITUDE 
FORMULA  TO  THREE  DIMENSIONS 


Croft4’5  has  laid  the  foundations  for  synthesizing  backscatter  echoes  using  ray  tracing. 
His  work  is  directed  mainly  towards  understanding  sweep- frequency  backscatter  "ionograms" 
and  considers  only  ionosphere  models  that  vary  in  the  direction  of  propagation,  thus 
precluding  lateral  deviation  of  rays  from  great-circle  paths.  Extension  of  his  backscatter- 
power  formula5  to  the  general  three-dimensional  case  is  relatively  straightforward,  however. 


Using  arguments  and  notation  similar  to  Croft’s4  but  leaving  the  areas  At  and  A? 

(A  and  A'  in  our  notation)  explicitly  in  the  formulas,  we  obtain,  for  backscattered  power 
density, 


’P.GA/3A0  cos/3 


1 


477 


\\  sin 10/ 


fcrAA^A^  cos 

477  , 


^A'  sin  j3j 


(1) 


The  meaning  of  the  symbols,  including  some  new  ones  that  are  needed  to  generalize  to  three 
dimensions  are  shown  in  Figure  1:  yp  and  g  are  the  elevation  and  azimuth  of  arrival  of 
rays  at  the  scattering  region;  /3  and  <p  are  the  elevation  and  azimuth  of  rays  at  the 
radar;  0  is  the  azimuth  of  the  ray  landing  point  as  viewed  from  the  radar  (different,  in 
general,  from  cp).  The  antenna  gain  and  radar  power  are  G  and  PQ  ,  and  a$)  is  the 
“dimensionless  radar  cross-section”  per  unit  of  ground  area.  Bars  over  the  angle  symbols 
indicate  average  values  for  the  flux  tubes.  A  is  the  area  subtended  on  the  ground  by  the 
outgoing  flux  tube,  and  A'  is  the  area  subtended  at  the  radar  by  a  similar  returning 
flux  tube. 


Equation  (1)  is  put  together  so  it  can  be  easily  understood  as  follows:  The  first  factor 
in  parentheses  is  the  power  transmitted  into  the  outgoing  flux  tube  A$A<£  cos  fi  at  the 
radar,  and  is  therefore  the  power  incident  upon  A  .  The  first  two  factors  give  the  power 
density  at  A  .  The  first  three  factors  given  the  power  scattered  into  the  returning 
flux  tube  A'/'Aif  cos  and  hence  the  power  incident  upon  A'  .  All  four  factors  give 
the  power  density  at  A'  ,  the  radar. 

Equation  (1)  involves  three  quantities,  A'  ,  A*/*  ,  and  A^  ,  that  imply  the  necessity 
for  calculating  raypaths  back  to  the  radar  from  each  ground-scattering  region.  These 
factors  can  be  eliminated  by  applying  the  relationship 

A/3A0  cos  /3  A^Af  cos 

- - -  _  - -  (2) 

A  sin \p  A'  sin  /3 


which  is  a  statement  of  the  reciprocity  of  flux-tube  divergence, 
density  then  becomes 
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The  backscattered  power 


(3) 


which  contains  only  quantities  that  are  assumed  given  or  are  calculated  in  one-way  ray 
tracing.  (The  reciprocity  relation  (2)  is  strictly  true  only  if  anisotropy  in  the 
ionosphere  is  neglected,  but  is  known  to  be  very  nearly  correct  in  the  real  ionosphere  when 
times  averages  are  considered.6) 


Whereas  backscatter-amplitude  calculations  for  two-dimensional  ionospheres  depend  only 
on  the  incremental  range  per  increment  in  takeoff  angle  (requiring  only  two  raypath 
calculations),  the  three-dimensional  problem  requires  the  calculation  of  the  elemental 
area  subtended  by  a  four-sided  flux  tube  on  the  ground.  Energy  conservation  applies  to 
such  a  flux  tube,  so  the  power  density  on  the  ground  (and  thus  the  backscattered  power) 
is  inversely  proportional  to  the  ground  area  intercepted,  as  indicated  by  Equation  (3). 
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Now  suppose  that  we  calculate  raypaths  for  a  "bundle”  of  rays  launched  at  regularly 
and  closely  spaced  elevation  and  azimuth  angles.  The  landing  points  of  the  rays  on  the 
ground  will  form  a  grid,  which,  if  connected  by  great  circles,  will  form  an  array  of 
spherical  quadrilaterals  that  accurately  represent  the  ground  areas  intercepted  by  the 
flux  tubes  formed  by  each  set  of  four  adjacent  rays.  The  area  of  each  quadrilateral  cah 
be  calculated  from  the  coordinates  of  its  four  corners  (supplied  in  the  raypath  calculations) 
and,  with  angle-of-arrival  information  (also  supplied)  one  can  use  Equation  (3)  to  associate 
a  backscatter  power  density  with  each  flux  tube.  Since  group  path  is  also  one  of  the 
quantities  calculated  in  ray  tracing,  one  now  has  all  the  necessary  tools  for  simulating 
backscatter  returns. 


The  accuracy  of  the  approximation  that  the  quadrilaterals  have  great  circles  for  sides 
of  course  depends  on  the  size  of  the  angular  increments  of  launch  angles  of  adjacent  rays. 
In  practice  these  increments  have  to  be  so  small  that  the  quadrilaterals  can  be  considered 


plane,  and  a  simple  formula  for  the  area  applied:  If  R 


ranges  to  four  landing  points  (Fig 
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This  amounts  to  calculating  the  area  of  a  quadrilateral  by  one  half  the  product  of  its 
diagonals  times  the  sine  of  the  angle  between  them. 

In  practice,  an  idea  of  the  errors  involved  can  be  obtained  by  plotting  the  landing 
points  in  the  (R, 8)  plane  and  connecting  them  with  straight  lines.  If  the  points  are 
sufficiently  dense,  the  straight  lines  provide  a  reasonably  smooth  fit,  and  accuracy  is 
good;  if  the  points  are  more  sparsely  spaced,  discontinuities  become  apparent,  and  accuracy 
is  poor.  For  our  purposes,  accurate  quantitative  calculations  are  not  of  major  interest, 
so  occasional  errors  as  large  as  perhaps  25%  would  be  considered  acceptable  in  view  of  the 
increased  cost  of  improvement. 


4.  CORRECTION  FOR  PULSE  SPREADING 

The  foregoing  calculations  strictly  apply  only  to  a  CW  radar  and  do  not  account  for 
the  possibility  that,  in  a  pulse  radar,  the  echo  amplitude  may  be  diminished  by  time 
spreading.  Consider  a  pulse  traveling  inside  a  single  flux  tube  whose  end  points  differ 
in  group  delay  from  the  radar.  The  difference  in  travel  times  of  parts  of  the  pulse  in 
different  parts  of  the  flux  tube  results  in  time  spreading  in  the  echo  and,  if  the  total 
pulse  energy  is  to  remain  constant,  an  amplitude  diminution  must  accompany  time  spreading. 
Figure  2  illustrates  how  this  factor  is  calculated.  If  a  pulse  length  t  is  used,  and 
a  given  flux  tube  intercepts  an  area  with  a  group-delay  spread  AT  ,  then  the  echo  amplitude 
is  diminished  by  a  factor  (t/2AT)  if  2At  >  T  ■ 

5.  THE  MODEL  IONOSPHERIC  IRREGULARITIES 

The  model  ionospheres  used  in  these  simulation  studies  are  analytical  representations 
of  traveling  ionospheric  disturbances  based  both  on  actual  observations  of  such 
disturbances7,6  and  on  the  theory  of  internal  atmospheric  gravity  waves9.  Mathematically 
the  model  can  be  expressed  by 
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N  =  Nq(1+A) 


where 


A  =  8  exp  {-[(R-R0-z0)/H']2} 
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R, ,  Q  ,  <p  are  spherical,  earth-centered  polar  coordinates  (A  is  independent  of  <p), 
R0  is  the  radius  of  the  earth, 

N„(R, £>,<£)  is  any  electron  density  model, 
zQ  is  the  height  of  maximum  wave  amplitude, 

H'  is  the  wave-amplitude  “scale  height”, 

S  is  the  perturbation  wave  amplitude, 

K  and  A.  are  the  horizontal  and  vertical  wavelengths, 
t'  is  the  time  in  wave  periods. 


The  wave  parameters  initially  used  are 
zQ  =  250  km. 

H'  =  100  km. 

5  =  0.  1  (A),  and  0.  15  (B  and  C), 

\z  =  100  km, 

\  =  100  km  (A),  1000  km  (B)  and  300  km  (C). 

and  Nq  is  a  single  concentric  Ct-  Chapman  layer  representing  a  daytime  F- layer  and  given 
mathematically  by 

f^  =  f 0  exp  {■?  ( 1  —  -  e'z) } 

z  =  (h  -h,()/H  , 

where 

fN  is  the  plasma  frequency, 

fc  is  the  critical  frequency  and  equals  6.5  MHz, 

H  if  the  scale  height  and  equals  62  km, 

h  is  the  height  of  maximum  electron  density  and  equals  300  km. 

The  models  are  three-dimensional  and  time-varying  such  that  the  waves  appear  to  originate 
at  the  earth’s  North  pole  and  converge  on  the  South  pole  as  time  progresses.  Doppler- 
shift  calculations  are  also  possible  in  the  ray-tracing  program  if  3N/3t  is  specified 
as  well.  Figure  3  shows  North-South  sections  of  the  plasma-frequency  contours  for  the 
three  models  presently  in  use.  Model  A  is  believed  to  represent  a  type  of  "medium-scale” 
wave  motion  that  is  commonly  present  in  the  F-region,  model  C  represents  a  larger 
disturbance  that  is  seen  less  frequently,  and  model  B  represents  a  “very  large”  traveling 
disturbance  that  usually  accompanies  large  magnetic  storms. 

In  these  models  we  do  not  attempt  tj  simulate  the  upward  bending  of  the  waveforms 
above  the  F-layer  peak,  such  as  has  been  recently  observed  by  Thome10,  but  this  feature 
should  have  little  effect  on  propagation  entirely  below  the  F-layer  peak. 


A  modified  wave  model  has  been  developed,  where  the  wave  “packet”  is  localized  in 
latitude  and  longitude  as  well  as  in  height,  in  contrast  to  the  models  shown  here,  where 
the  waves  cover  the  whole  earth.  This  model  will  be  used  in  future  studies. 


6.  THREE-DIMENSIONAL  FOCUSING  EFFECTS 

To  illustrate  the  need  for  a  three-dimensional  ray  treatment,  Figure  4  shows  the  landing- 
point  configuration  of  a  bundle  of  rays  launched  within  a  1°  azimuth  sector  and  at 
elevation  angles  from  zero  to  penetration.  The  (R, 0)  plane  is  a  slightly  distorted  plan 
view  of  the  earth’s  surface  in  the  vicinity  of  where  the  ray  bundle  lands.  The  solid 
lines  are  contours  of  constant  azimuth  of  transmission  (efi) ,  and  the  dashed  lines  are 
constant-elevation  (/3)  contours.  If  the  ionosphere  were  two-dimensional,  the  landing 
points  would  form  a  rectangular  grid  within  the  dashed  lines  indicating  0  -  85°  and  86°  . 

Near  the  bottom  of  the  figure,  the  usual  "skip-distance”  focusing  effect  is  seen,  where 
BR/3/3 passes  through  zero.  However,  along  the  skip-distance  locus,  we  see  that  the 
azimuthal  spread  is  greater  than  the  1°  that  would  exist  in  the  two-dimensional  case; 
hence  there  is  elevation  focusing,  but  azimuthal  Refocusing  at  the  skip  distance. 

Near  the  /3  =  8°  locus  we  see  an  example  of  azimuthal  focusing  (B0/B0 1  passes  through 
zero)  without  elevation  focusing.  This  occurs  along  /3  =  ,°  locus  as  well.  These 
calculations  clearly  indicate  that  both  azimuthal  and  elevation  focusing  play  important 
roles  in  determining  the  power  distribution  on  the  ground. 

Some  mention  should  be  made  of  the  use  of  ray  theory  in  the  vicinity  of  caustics  such 
as  those  caused  by  azimuth  or  elevation  focusing.  Clearly,  ray  theory  breaks  down  in 
these  regions,  and  wave  optics  should  strictly  be  used  to  avoid  the  possibility  of  infinite 
power  densities.  The  problem  is  avoided  in  calculations  using  finite  flux  tubes,  where 
the  effect  is  to  average  the  power  density  over  the  ltnding  area.  In  the  vicinity  of 
caustics,  the  areas  subtended  become  smaller  and  smaller,  correctly  predicting  the 
behaviour  of  the  power  density.  Occasionally,  however,  such  an  area  lands  right  on  a 
caustic  and  becomes  "twisted"  or  “folded”,  and  the  quadrilateral -area  formula  gives  an 
incorrect  answer.  Even  more  rarely,  two  rays  of  a  flux  tube  could  land  at  exactly  the 
same  point,  predicting  infinite  power  density.  Such  errors  are  simply  ignored  for  the 
present,  because  conplicated  full-wave  solutions  would  be  required  to  obtain  the  correct 
fields  in  these  regions.  If  a  large  number  of  flux  tubes  is  used  in  a  given  problem,  the 
relative  number  of  such  occurrences  is  so  small  that  they  can  be  ignored  and,  since  high 
accuracy  is  not  desired  in  the  power-density  calculations,  such  errors  are  believed  to 
be  acceptable. 


7.  COMPUTER  SIMULATION  PROCEDURE 

First,  raypaths  are  calculated  for  rays  in  a  bundle  of  interest.  (Let  us  generalize 
the  term  “bundle"  to  mean  a  set  of  rays  launched  at  adjacent  azimuth  and  elevation  angles, 
as  well  as  at  successive  radio  frequencies  or  tim?s.)  Pertinent  information  about  each 
raypath  (e.g. ,  landing  point,  apogee,  group  delay,  'Irection  of  arrival,  etc.)  is  punched 
onto  a  computer  card  called  a  "rayset”1*.  These  cards  are  then  processed  by  any  of  several 
"simulation"  programs  for  producing  the  simulated  backscatter  d  splays.  The  rayset  “data” 
to  be  processed  by  the  simulation  programs  are  determined  by  the  particular  rayset  cards 
they  are  given.  Thus  are  determined  the  effective  "antenna  beamwidths”,  "scan  sectors”, 
frequencies  swept  and  times  used.  Since  the  computer  time  to  calculate  one  raypath 
averages  less  than  2  seconds,  it  becomes  economically  feasible  to  compute  the  large  number 
of  raypaths  required  to  produce  these  displays. 

Most  of  the  displays  of  interest  have  group  delay  as  an  ordinate.  For  these  displays, 
the  backscatter-intensity  information  is  sorted  into  group-delay  intervals  of  200  /is,  simply 
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adding  intensities  whenever  two  or  more  fall  into  the  same  interval.  (Only  pulse- length 
multiples  of  200  i^a  are  allowed  because  of  resolution  limitations  of  the  plotting  scheme.) 

If  the  abscissa  is  azimuth  (or  elevation),  intensity  is  summed  at  each  set  of  azimuth 
(elevation) -group-delay  coordinates  without  regard  to  elevation  (azimuth).  For  these 
plots  only  single  values  of  frequency  or  time  are  used.  If  the  abscissa  is  time  (frequency), 
backscatter  intensity  is  summed  at  each  set  of  group-delay-time  (frequency)  coordinates 
without  regard  to  the  azimuth  or  elevation  of  transmission.  (Again,  the  azimuth  and 
elevation  values  are  determined  by  the  raysets  used. ) 

Intensity  can  also  be  plotted  in  the  elevation-azimuth  plane  for  a  single  time  and 
frequency.  Here,  intensity  is  summed  over  all  group  delays,  giving,  in  effect,  the  total 
backscattered  energy  at  each  set  of  elevation- azimuth  coordinated. 

The  simulated  displays  shown  here  have  been  drawn  by  a  CDC  3800  computer  and  a  CDC  model 
280  cathode- ray-tube-display  system  and  are  photographed  on  microfilm.  Hie  tonal  gradations 
are  achieved  by  means  of  a  special  Fortran  plotting  routine  we  have  devised  specifically 
for  these  simulations,  but  which  is  clearly  applicable  to  plotting  functions  of  any  two- 
dimensional  variable11.  The  appearance  of  tones  of  different  densities  is  obtained  by 
plotting  arrays  of  small  jots  of  variable  size  in  a  manner  similar  to  the  process  of 
half-tone  printing.  The  quantization  of  the  plots  into  small  rectangular  blocks  of  dots 
is  a  result  of  using  finite  angular  (frequency  or  time)  increments  in  constructing  the 
ray  bundles,  and  is  strictly  an  economic  measure,  not  an  inherent  property  of  the  plotting 
program. 

In  the  simulation  of  radar  displays,  any  location  on  the  earth  can  be  chosen  for  the 
"radar”.  In  these  examples,  a  latitude  of  *r'''  was  used. 


8.  RANGE-TIME  DISPLAYS 

Some  of  the  early  backscatter  soundings  were  displayed  in  the  “range-time"  mode,  1,12,13 
in  which  the  radar  antenna(s)  is  pointed  at  a  fixed  azimuth  and  the  echoes  are  used  to 
intensity -modulate  a  cathode-ray  display  which  is  recorded  on  slowly  moving  film.  The 
result  is  a  representation  of  the  changes  in  the  echo  structure  in  the  group-delay-versus- 
time  plane.  The  reader  is  referred  to  the  references  cited  for  examples  of  experimental 
records  of  this  type. 

Figure  5  shows  some  simulated  range-time  displays  for  the  ionosphere  model  B  (disturbance 
with  1000  km  horizontal  wavelength).  The  four  panels  represent  ray  bundles  launched  at 
four  azimuth  angles  (in  degrees  east  of  North).  The  effective  antenna  beamwidth  (azimuth 
spread  of  raysets  used)  is  2°.  The  time  interval  shown  is  two  (atmospheric)  wave  periods. 
That  the  simulated  displays  qualitatively  resemble  experimental  range-time  records  can  be 
seen  by  comparison  with  Figure  9  of  Tveten13. 

Because  of  the  East-West  symmetry  of  the  ionosphere  model,  azimuth  angles  can  also  be 
regarded  as  indicating  degrees  Hest  of  North.  However,  because  of  the  North-South 
asymmetry,  it  is  not  possible  to  deduce  the  appearance  of  southward- looking  displays  from 
the  northward- looking  ones.  This  is  evident  from  the  asymmetrical  appearance  of  the  90-92° 
display. 

The  conventional  interpretation  of  range-time  displays  is  that  sloping  traces  indicate 
radial  velocities  of  traveling  disturbances,  downward  sloping  (with  time)  indicating  an 
approaching  disturbance,  and  upward  sloping  indicating  a  receding  one.  It  is  clear  from 
the  simulated  displays,  however,  that  this  simple  interpretation  is  no  longer  tenable,  for 
sloping  traces  appear  in  the  case  where  no  radial  velocity  component  of  the  disturbance 
exists,  namely,  at  90°  azimuth.  (Recall  that  the  disturbance  wavefronts  are  oriented  East- 
West  and  travel  southward.)  The  explanation  of  the  sloping  traces  must  involve  modification 
of  the  skip-distance  echo  by  the  passing  disturbance,  in  addition  to  the  focusing  effects 
discussed  by  others13,14.  The  asymmetry  in  the  90-92°  case  is  caused  by  the  forward  tilt 
of  the  wavefront,  a  well  established  characteristic  of  traveling  disturbances. 
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9.  RANGE- AZIMUTH  DISPLAYS 

When  backscatter  sounding  is  carried  out  with  narrow-bean,  steerable  antennas,  displays 
of  echo  intensity  as  a  function  of  azimuth  angle  can  be  constructed.  These  are  displayed 
either  in  polar  or  rectangular  coordinates  with  group  delay  as  ordinate  (radius).  Records 
of  this  type  can  be  seen  in  the  works  of  Valverde15,  Tveten13  and  Hunsucker  and  Tveten16. 

Two  simulated  range-azimuth  displays  are  shown  in  Figure  6,  representing  rays  traced 
through  the  time- varying  ionosphere  model  at  two  times,  one-half  (disturbance)  wave  period 
apart.  Again  an  East-West  symmetry  exists,  so  that  azimuth  can  be  regarded  as  being 
measured  clockwise  or  counterclockwise  from  north. 

The  conventional  interpretation  of  range-azimuth  signatures16  has  been  that  the  signa¬ 
tures  can  be  transformed  into  the  range-azimuth  plane  by  simply  regarding  the  signatures 
as  representing  the  shapes  of  the  irregularity  structures  located  at  one-fourth  the  range 
indicated  by  their  group  delays.  That  such  an  interpretation  can  lead  to  gross  errors 
can  be  demonstrated  by  taking  a  portion  of  a  simulated  range-azimuth  display  (say  the 
azimuth  sector  90-140°  for  T  =  0),  interpreting  it  in  the  conventional  way,  and  comparing 
the  deduced  irregularity  structure  with  the  ionosphere  model  actually  used. 

Such  a  comparison  is  illustrated  in  Figure  7,  where  it  is  seen  that  the  irregularity 
structure  obtained  by  mapping  the  simulated  range-azimuth  display  into  polar  coordinates 
bears  little  resemblance  to  the  plane-wave  model  used  in  the  simulation. 

Figure  8  shows  some  examples  of  range-azimuth  backscatter  signatures  obtained  with  the 
high-resolution,  azimuth- scan  antenna  array  at  Boulder,  Colorado.  These  signatures  have 
been  selected  for  their  resemblance  to  the  simulated  display  (for  the  same  azimuth  sector), 
reproduced  again  at  the  upper  left  of  the  figure.  The  similarity  of  the  simulated  and 
actual  signatures  suggests  that  the  wavelike  model  disturbance  is  at  least  qualitatively 
realistic. 


10.  ELEVATION- AZIMUTH  DISPLAYS 

As  yet,  no  experimental  backscatter  soundings  have  been  made  with  pencil-beam  antennas 
that  would  permit  backscatter  intensity  to  be  mapped  in  the  elevation-azimuth  plane. 

Figure  9  shows  how  such  a  map  should  look  in  the  presence  of  large  traveling  disturbances. 

As  in  the  range-azimuth  display,  the  two  panels  represent  times  separated  by  one-half  wave 
period  in  the  time-varying  ionosphere  model.  It  is  in  this  type  of  display  that  the  effects 
of  changing  the  grouud-scatter  characteristics  are  most  marked;  echoes  from  low  elevation 
angles  are  greatly  enhanced  by  changing  the  ground-scatter  cross-section  from  a  cosine 
dependence  on  the  angle  of  incidence  to  a  constant,  independent  of  angle. 

Again,  the  EastrWest  symmetry  applies,  while  a  marked  North-South  asymmetry  is  evident 
in  the  figure. 


11.  OTHER  SIMULATED  EFFECTS 

Programs  and  representative  displays  for  several  other  backscatter  presentations  have 
been  completed,  but  at  the  deadline  for  completion  of  this  paper,  no  figures  have  been 
prepared  to  show  them.  .  They  will  be  displayed  in  a  paper  in  preparation. 

Range-azimuth  and  range-time  displays  that  have  been  constructed  for  the  other  two  wave 
model  disturbances  show  signatures  that  are  similar  in  form  to  those  shown  here,  except  for 
a  scaling  down  of  the  signatures,  as  would  be  expected.  A  few  synthetic  sweep  frequency 
and  range- elevation  displays  have  been  produced,  and  both  show  resemblances  to  actual 
records  of  each  type.  Finally,  another  program  reproduces  the  backscatter  echo  shape  in 
the  "A-scan”  format  -  power  versus  time. 
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Another  possible  display  output  is  presently  under  development  -  a  map  of  the  distorted 
appearance  of  the  ground  in  the  elevation- azimuth  plane;  in  effect,  a  picture  of  how  the 
ground  “looks"  to  the  radar.  All  the  information  for  such  a  display  is  contained  in  the 
backscatter  raysets;  only  the  mechanics  of  suitably  displaying  this  information  needs  to 
be  worked  out.  (The  inverse  process,  mapping  the  (Agi)  plane  onto  the  ground,  has  already 
been  accomplished,  as  Figure  4  has  shown. ) 


12.  CONCLUSION 

This  has  been  a  report  on  a  technique  for  simulating  ground- backscatter  displays  from 
information  supplied  by  three-dimensional  computer  ray- tracing  programs.  Emphasis  has 
been  on  methodology  and  some  preliminary  results  that  indicate  errors  in  more  simplified 
interpretations  of  backscatter  signature  of  traveling  disturbances.  Although  attention 
has  thus  far  been  confined  to  signatures  of  traveling  disturbances,  future  work  will 
explore  the  effects  of  concentric  layers,  gross  tilts,  and  other  anomalies  of  various  kinds. 
The  ultimate  objective  of  this  work  is  to  compile  a  sufficiently  large  collection  of 
signatures  to  permit  actual  backscatter  data  to  be  recognized  and  interpreted  in  terms  of 
the  structure  and  motions  of  ionospheric  irregularities  of  all  kinds. 

Since  direction-of-arrival  information  is  also  contained  on  the  raysets  produced  for 
backscatter  simulation,  little  additional  effort  is  required  to  extract  information  on  the 
bearing  and  elevation  fluctuations  characteristic  of  ionospheric  motions  and  irregularities. 

Subsequent  papers  will  report  progress  towards  these  ends. 


55-9 


REFERENCES 


1.  Hartsfield,  W.L. 
et  al. 


2.  Hartsfield,  W.L. 


3.  Jones,  R.  M. 

4.  Croft,  T.  A. 

5.  Croft,  T.  A. 


6.  Terman,  F.  E. 

7.  Munro,  G. H. 

8.  Georges,  T.  M. 

9.  Hines,  C.O. 

10.  Thome.  G.D. 

11.  Stephenson,  J.J. 

12.  Silberstein,  R. 


13.  Tveten,  L.  H. 


14.  Surtees,  W.  J. 


15.  Val verde,  J.F. 


16.  Hunsucker,  R.  D. 
Tveten,  L.H. 


Backscatter  Observat ions  by  the  Central  Radio  Propagation 
Laboratory.  August  1947  to  March  1948.  Journal  of  Research, 
National  Bureau  of  Standards,  Vol.44,  1950,  pp.  199-214. 

A  Comparison  of  CH  Field  Intensity  and  Backscatter  Delay. 
Proceedings,  Institute  of  Radio  Engineers,  Vol.40,  1952, 
pp.  1700-1706. 

A  Three-Dimensional  Ray  Tracing  Computer  Program.  ESSA 
Technical  Report  IER  17-ITSA  17,  1966. 

Computation  of  IIF  Ground  Backscatter  Amplitude.  Radio  Science, 
Vol.2  (New  Series),  1967,  pp. 739-746. 

The  Influence  of  Ionospheric  Irregularities  on  Sweep-Frequency 
Backscatter .  Journal  of  Atmospheric  and  Terrestrial  Physics, 
Vol.30,  1968,  pp.  1051-1063. 

Electronic  and  Radio  Engineering.  McGraw-Hill,  New  York,  1955. 

Travelling  Ionospheric  Disturbances  in  the  F  Region. 

Australian  Journal  of  Physics,  Vol.  11,  1958,  pp. 91-112. 

Ionospheric  Effects  of  Atmospheric  Waves.  ESSA  Technical 
Report  IER-57/ITSA-54,  US  Government  Printing  Office,  1967. 

Internal  Atmospheric  Gravity  Haves  at  Ionospheric  Heights. 
Canadian  Journal  of  Physics,  Vol.  38,  1960,  pp. 1441- 1481. 

Incoherent  Scatter  Observat ions  of  Traveling  Ionospheric 
Disturbances.  Journal  of  Geophysical  Research,  Vol. 69.  19C4, 
pp. 4047-4049. 

A  Tonal  Plotting  Routine  for  CRT  Plotters  Computer  Facility. 
ESSA  Internal  Memo,  1968. 

A  Long-Distance  Pulse-Propagation  Experiment  on  2 0.1 
Megacycles.  Journal  o  Geophysical  Research,  Vol. 63,  1958, 
pp. 445-466. 

Ionospheric  Motions  Observed  with  High-Frequency  Backseat  ter 
Sounders.  Journal  of  Research,  National  Bureau  of  Standards, 
Vol.  65D,  1961,  pp.  115-127. 

An  Approximate  Synthesis  of  HF  Backscatter  Considering 
Ionospheric  Motions.  Radio  Science,  Vol.  3  (New  Series)  1957, 
pp. 57-67. 


Motions  of  Large-Scale  Traveling  Disturbances  Determined  from 
High-Frequency  Backscatter  and  Vertical  Incidence  Records. 
Stanford  Electronics  Laboratories,  Scientific  Report,  No.  1, 
1958. 

Large  Traveling  Ionospheric  Disturbances  Observed  at  Midlati¬ 
tude  Utilizing  the  lligh-Resolution  HF  Backscatter  Technique. 
Journal  of  Atmospheric  and  Terrestrial  Physics,  Vol.  29,  1967, 
pp.  909-916. 


A  (V,*  100  km) 


C(X,a300hm) 


Showing  the  distortion  of  a  flux  tube  of  rays  as  it  intercepts  the  ground.  The 
solid  lines  are  constant  cp  contours;  dashed  lines,  constant  /?  . 
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Fig.  5  Synthetic  range-time  backscatter 
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RANGE -AZIMUTH  DISPLAYS  FOR  T-O.  \ 
Ionosphere  Model  Chap  A  ♦  Wove  B 
Dynamic  Range  *  4.6  dB  Frequency  ■  15  MHz 


Fig. 6  Synthetic  range-azimuth  backscatter 
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IRREGULARITY  STRUCTURE  ACTUAL  IRREGULARITY  STRUCTURE 

PREDICTED  BY  MAPPING  USED  IN  COMPUTER  SIMULATION 

RANGE-AZIMUTH  DISPLAY  •*,'  Peak  1 

INTO  SCAN  SECTOR  N,' Trough  f 


Fig.  7  Showing  how  the  conventional  interpretation  of  range-azimuth  records  can  be  in  error. 
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Fig. 8  Showing  the  resemblance  of  a  sample  simulated  display  to  actual  range-azimuth 

backscatter  data 
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ELEVATION-AZIMUTH  DISPLAYS  FOR  T*0,  \ 
Ionosphere  Model:  Chop  A  ♦  Wove  B 
Dynamic  Range  *  4j6  dB  Frequency  *  15  MHz 


Pig.  9  Synthetic  elevation- azimuth  displays 


NATURE  OP  F-REGION  IRREGULARITIES  INFERRED  FROM 


OBLIQUE  REFLECTION  MEASUREMENTS 


by 


L.C.  Humphrey* ,  C.R. Roberts*  and  R.  Mathert 


•  General  Electric  Company, 
Electronics  Laboratory, 

Syracuse,  New  York  13201 

♦  EMASA,  Rome  Air  Development  Center, 
Griffiss  Air  Force  Base,  Rome,  New  York  13440 


SUMMARY 


It  is  well  known  that  the  long-term  fading  statistics  of  ionospherically 
reflected  radio  waves  are  not  Rayleigh  distributed,  as  would  be  expected  on 
the  basis  of  interference  from  a  collection  of  random  scatterers.  Measure¬ 
ments  on  a  long-distance  single-hop  oblique  forward  ionospheric  reflection 
path  indicate  that  strong  focusing  effects  associated  with  ionospheric 
irregularities  upset  stationarity  for  periods  longer  than  a  few  minutes. 

The  nature  of  the  irregularities  can  be  inferred  from  the  characteristics 
of  ionospherically  reflected  waves. 

Ir,  this  paper  the  data  from  two  types  of  measurements  are  described  which 
reveal  the  nature  of  both  long-term  and  short-term  irregularities,  including 
traveling  ionospheric  disturbances.  These  measurements  are  the  fading 
characteristics  themselves,  and  the  measurement  of  apparent  azimuth  of  arri¬ 
val  on  the  long-distance  path.  The  strength,  curvature,  and  extent  of  the 
irregularities  are  deduced  from  the  measurements. 
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NATURE  OF  F-REGION  IRREGULARITIES  INFERRED  FROM 
OBLIQUE  REFLECTION  MEASUREMENTS 

L.  C. Humphrey,  C.R.  Roberts  and  R.Matlier 


1.  INTRODUCTION 

It  has  been  known  for  some  time  that  the  fading  characteristics  of  ionospheric;; lly 
reflected  HF  radio  waves  are  not  Rayleigh  distributed,  as  would  be  expected  on  tne  basis 
of  a  superposition  of  a  steady  signal  with  small  randomly  phased  components1;  and,  in  fact, 
the  statistics  do  not  appear  to  be  stationary  for  periods  over  ten  minutes.  In  some  measure¬ 
ments  (independent  from  fading  statistics)  described  in  this  report,  it  appears  that  the 
fading  characteristics  depend  on  interference  between  ionospherically  focused  radio  waves. 
This  conclusion  may  be  reached  by  examining  selected  amplitude  records  which  exhibit  strong 
focusing  gains  and  apparent  azimuth  of  arrival  records  which  exhibit  properties  of  inter¬ 
ference  fields  of  focused  components. 

2.  EXPERIMENTAL  PROGRAM 

The  path  on  which  the  data  described  herein  were  measured  is  shown  in  Figure  1.  It  is 
essentially  a  3760  km  path  oriented  in  a  North-South  direction  with  the  transmitter  in  the 
Panama  Canal  Zone  and  the  receiver  in  upstate  New  York.  The  total  transmission  loss  in 
dB  between  transmitter  and  receiver  was  determined  by  accurately  measuring  power  delivered 
to  the  antenna  at  the  transmitter  and  the  power  delivered  to  the  receiver,  both  in  dBw, 
and  subtracting.  The  antenna  gain  patterns,  including  line  and  foreground  loss,  were 
determined  as  a  function  of  elevation  angle  of  arrival.  The  elevation  angle  of  arrival 
was  estimated  from  the  propagation  time,  so  that  the  total  propagation  loss  could  be  esti¬ 
mated  by  adding  the  total  transmission  loss  to  the  antenna  gain. 

The  transmitted  pulses  were  coded  to  provide  essentially  10-microsecond  time  resolution. 
This  permitted  separation  of  the  various  ionospherically  reflected  modes  for  examination, 

The  modes  were  identified  by  comparison  with  oblique  ionograms  obtained  on  the  same  path. 
Received  signal  power  for  up  to  four  modes  was  continuously  recorded  on  a  paper  chart 
recorder. 

A  number  of  other  measurements  were  carried  out  over  this  path,  but  the  one  with  which 
we  are  concerned  (in  addition  to  loss)  is  the  apparent  azimuth  of  arrival.  This  made  use 
of  a  gated  phase  detector  which  essentially  measured  the  phase  difference  between  two 
antennas  lined  up  transverse  to  the  path.  This  electrical  phase  difference  for  each  mode 
was  continuously  recorded  on  a  paper  chart. 


3.  GEOMETRIC  FOCUSING  EFFECTS 

An  example  of  a  signal  anomaly  which  has  been  attributed  to  geometric  focusing  is  shown 
in  Figure  2.  This  figure  shows  the  total  power  loss  for  a  one-hop  F  reflection  between 
that  delivered  to  the  transmitting  antenna  and  that  delivered  by  the  receiving  antenna  with 
the  free-space  spreading  loss  (assuming  unity  gain  antennas)  subtracted.  The  striking 
feature  here  is  the  large  negative  value  of  this  loss,  which  implies  a  gain  above  that  which 
would  be  expected  for  reflection  from  a  planar  ionosphere.  Some  of  this  gain  may  be 
attributed  to  antenna  gain.  Since  there  is  some  uncertainty  of  elevation  angle  of  arrival 
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under  disturbed  conditions,  an  upper  bound  of  antenna  gain  is  used  which  is  the  sum  of  the 
peak  gains  (in  dB)  of  the  transmitting  and  receiving  antennas.  This  peak  gain  is  shown  in 
Figure  2  hy  the  dotted  line,  and  it  is  seen  that  there  is  about  7  dB  signal  gain  above  thi. 
Since  there  is  also  some  expected  ionospheric  absorption,  as  shown  by  the  dashed  line,  there 
appears  to  be  some  15  dB  signal  gain  over  reflection  from  a  flat  surface.  This  effect, 
while  not  consistently  present,  did  appear  two  to  four  days  a  month,  usually  around  noon, 
with  durations  of  one  or  two  hours,  as  shown  typically  by  Figure  2. 

The  high  signal  level  was  clearly  evident  on  the  record  when  compared  with  other  modes 
(2  hop  E,  2  hop  Ft  etc.)  and  this,  coupled  with  equipment  tests,  ruled  out  instrumental 
errors.  Two  natural  explanations  of  the  anomaly  came  to  mind  -  guided  modes  and  ionospheric 
focusing.  The  guided-mode  hypothesis  required  well-defined  ionospheric  tilts  at  both  ends 
of  the  path,  which  were  considered  more  improbable  than  the  frequency  of  occurrence  would 
indicate.  However,  the  focusing  hypothesis  would  require  only  a  slight  change  in  ionospheric 
curvature  since,  with  low-angle  reception,  the  receiver  is  very  near  a  focusing  point  for 
a  concentric  ionosphere.  Figure  3  shows  the  caustic  surface  for  reflection  from  the  inside 
of  a  spherical  surface  representing  the  ionosphere.  For  horizontally  transmitted  waves 
( 6  -  0)  at  T,  the  focal  point  is  at  H  and  represents  rays  arriving  horizontally.  Unless 
antenna  gain  is  compensated  for,  the  effect  of  this  focus  is  not  normally  observed  because 
of  the  low  gain  of  HF  antennas  in  the  horizontal  direction.  However,  if  the  ionosphere 
is  curved  slightly  more  than  the  earth,  the  focused  rays  arrive  at  positive  angles  with 
respect  to  the  horizon  where  antenna  gains  are  higher,  as  shown  in  Figure  4.  This  is  illus¬ 
trated  in  Figure  5,  which  shows  the  equal  gain  contours  in  the  vicinity  of  the  horizon 
focusing  cusp.  For  a  concentric  ionosphere,  the  high  gain  contours  lie  along  the  earth’ s 
surface  where  antenna  gain  is  low.  However,  for  increased  ionospheric  curvature,  the 
contours  are  tilted  so  that  high  antenna  gains  are  applicable.  The  fact  that  these  dis¬ 
turbances  occurred  near  noon  may  be  attributed  to  the  higher  ionospheric  height  at  the  time, 
so  that  a  positive  arrival  angle  prevailed.  When  conditions  were  right  for  the  higher 
ionospheric  curvature,  the  high  gains  were  observed. 


4.  AZIMUTH  OF  ARRIVAL  EFFECTS 

The  apparent  azimuth  of  arrival  (AOA)  is  measured  by  means  of  a  phase-detecting  inter¬ 
ferometer  that  essentially  measures  the  phase  difference  of  the  signal  arriving  at  the 
spaced  antennas.  A  typical  record  of  the  phase  difference  for  a  one-hop  F  mode,  along 
with  the  simultaneous  amplitude  record,  is  shown  in  Figure  6.  The  most  striking  feature 
is  the  rapid  change  in  phase  that  occurs  with  some,  but  not  all,  the  nulls  in  the  amplitude 
record.  There  are  a  number  of  models  that  may  account  for  this  behavior,  but  the  one  we 
believe  to  be  the  simplest  and  most  likely  for  this  to  be  attributed  to  is  illustrated  in 
Figures  7  and  8. 

Figure  7  shows  the  wavefronts  that  would  oe  expected  due  to  interference  between  a  strongly 
focused  distu-bance  and  a  uniform  field.  Two  situations  of  relative  phase  are  shown,  one 
where  the  disturbance  wavefronts  are  separated  less  than  a  half  wavelength  in  front  of  the 
uniform  field  wavefront  and  one  where  it  leads  by  more  than  a  half  wavelength.  The  direct¬ 
ions  of  the  resultant  phase  fronts  are  seen  to  change  rapidly  as  the  half-wavelength  position 
is  crossed.  This  may  be  seen  in  more  detail  in  Figure  8,  which  shows  the  phasors  in  the 
region  of  the  high-amplitude  gradient  of  the  disturbance.  The  resultant  phasor  is  seen  to 
vary  very  rapidly  in  direction  in  the  vicinity  of  the  null,  even  though  the  phase  variation 
of  the  disturbance  itself  is  small  with  respect  to  the  undisturbed  field.  In  addition, 
the  gradient  in  amplitude  provides  a  significant  phase  variation  laterally,  so  that  large 
shifts  in  apparent  angle  of  arrival  occur. 

This  mechanism  accounts  for  the  null  that  occurs  simultaneously  with  rapid  AOA  vari¬ 
ations.  From  the  records  examined  to  date,  a  null  has  occurred  with  every  rapid  AOA 
change.  However,  there  are  some  nulls  that  occur  without  an  AOA  change,  as  may  be  seen 
in  Figure  6.  These  may  be  attributed  to  other  fading  mechanisms,  such  as  interference 
between  magneto-ionic  modes,  defocusing  effects,  or  interference  between  non-focused  fields. 
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It  should  be  noted  that  these  effects  will  be  emphasized  for  conditions  where  the  inter¬ 
fering  signals  are  of  nearly  the  same  amplitude,  the  maximum  phase  offset  being  approximately 
proportional  to  the  ratio  of  the  amplitude  gradient  to  anyjlitude  difference.  The  mechanism, 
then,  tends  to  select  those  cases  where  the  amplitudes  of  the  interfering  signals  are  nearly 
equal,  but  in  these  cases  it  should  be  noted  that  there  are  strong  gradients  of  amplitudes, 
which  implies  focusing. 

There  are  other  mechanisms  that  can  result  in  angle  fluctuations  that  do  not  require 
the  gradient  hypothesis.  One  of  these  is  described  by  Hayden2,  in  which  interference  is 
observed  between  two  rays  at  different  azimuthal  angles  of  arrival.  With  this  type  of 
interference,  however,  the  severe  fluctuations  are  in  one  direction  at  a  time,  rather  than 
having  the  bidirectional  characteristic  shown  here.  Azimuth  variations  with  these  character¬ 
istics  have  also  been  observed  with  this  experiment. 


5.  CONCLUSIONS  AND  REMARKS 

On  the  basis  of  observations  described,  it  appears  that  the  ionospherically  reflected 
field  on  an  individual  mode  is  actually  a  resultant  of  two  or  more  components,  some  of 
which  are  subject  to  geometric  focusing.  The  non-stationarity  of  the  fading  statistics 
can  be  attributed  to  long-term  focusing  effects,  as  can  the  non-Rayleigh  statistic.  It  is 
suggested  that  future  statistical  analysis  include  the  focusing  effects  described  here. 

The  effects  described  have  also  been  observed  on  North  and  North  Atlantic  paths  of  similar 
distances,  such  as  Central  New  York  to  Iceland  and  Thule. 
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Pig. 1.  Central  New  York-to-Panama  propagation  path 
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Fig. 2.  Noontime  anomaly  showing  geometric  focusing 
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Pig. 3.  Caustic  surface  in  diameter  plane 


Fig. 4.  Ionospheric  distortion  required  for  high  gain  disturbance 
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Fig. 5.  Effect  of  increased  ionospheric  curvature 
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Fig. 6.  Phase  (apparent  angle  of  arrival)  and  amplitude  measurements  of  the  one-hop  F  mode 
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DISCUSSION  ON  THE  PAPERS  PRESENTED  IN  SESSION  VI  ( F- REGION  SCATTER). 


Discussion  on  Paper  5.?,  "Joint  probability  density  of  signal  fading  at  spaced  receivers", 
by  T.J. Elkins. 


Dr  E.  N.  Brantley:  What  distance  from  ihe  screen  was  assumed  in  your  diffraction  pattern 
calculations,  Mr  Elkins’  The  scale  of  the  diffraction  pattern  does  vary  with  distance 
from  the  screen,  within  the  Fresnel  zone,  for  both  shallow  and  deeply  modulated  phase 
screens. 

Mr  T.J. Elkins:  The  distance  was  assumed  to  be  smaller  than  the  Fresnel  distance, 

ZR  =  L 2/nk  ,  and  the  model  chosen  was  that  of  a  shallow  phase  modulating  screen.  Under 
these  conditions,  the  scale  of  the  d  ffraction  pattern  changes  only  very  slowly  until  the 
distance  from  the  screen  approaches  ZR  . 


Discussion  on  Paper  55,  "HF  radar  signatures  of  traveling  ionospheric  irregularities. 

3D  ray-tracing  simulation",  by  T. M. Georges . 

Dr  R. Cohen:  Dr  Georges,  do  you  have  any  feeling  as  to  the  uniqueness  of  the  simulations; 
l.e.,  how  sensitive  are  your  agreements  with  the  experimental  results  to  your  assumptions 
regarding  variable  parameters? 

Dr  T.M. Georges:  Of  course,  the  question  of  uniqueness  always  comes  up  in  connection  with 
experiment  simulation.  It  is  conceivable  that  other  model  ionospheres  would  yield  similar 
simulated  data,  but  I  believe  that  one  can  feel  comfortable  about  models  that  are  both 
theoretically  and  observationally  reasonable  and  at  the  same  time  produce  simulated  data 
that  match  real  data.  With  regard  to  the  effects  of  minor  variations  in  the  model  para¬ 
meters,  this  work  largely  remains  to  be  done,  and  one  should  not  at  this  point  ascribe  much 
significance  to  the  exact  values  of  the  model  parameters  used  here.  Howover,  I  suspect 
that  the  essential  properties  of  the  simulated  signatures  will  not  change  much  as  the 
model  parameters  are  varied. 

Dr  C. Goutelard:  Dr  Georges  pouvrait-il  pre'ciser  si  les  modules  present^  etaient  definis 
par  des  fonctions  numeriques  ou  purement  analytiques,  et  dans  ce  cas  quelle  loi  de  vari¬ 
ation  a-t-elle  6t6  adoptee? 

Dr  T.M. Georges:  The  ionosphere  models  are  analytically  defined:  the  ambient  height  profile 
is  a  single  Chapman  layer:  the  model  perturbation  electron  density  varies  sinusoidally  with 
latitude,  height  and  time.  In  addition  there  is  a  Gaussian  wave  amplitude  variation  with 
height. 


Discussion  on  Paper  56,  "Nature  of  F-region  irregularities  inferred  from  oblique  reflection 
measurements",  by  L.C. Humphrey ,  C.R. Roberts  and  R. Mathers  (presented  by  L. C. Humphrey) . 

Dr  E. N.Bramley:  Dr  Humphrey,  what  is  the  estimated  absolute  accuracy  of  the  signal  strength 
measurements? 

Dr  L.C. Humphrey:  The  accuracy  is  of  the  order  of  i3  dB.  The  antennas  were  calibrated  by 
means  of  an  instrumented  aircraft. 


BACKSCATTER  OBSERVATIONS  FROM 


DISTANT  FIELD- ALIGNED  IRREGULARITIES 


by 


H.Kopka  and  H.G.Moller, 

Max-Planck-Institut  fiir  Aeronomie  Lindau/Harz,  Germany 

and 

W.Stoffregen, 

Uppsala  Ionospheric  Observatory, 

Research  Institute  of  Swedish  National  Defence, 
Stockholm  80.  Sweden 


SUMMARY 


Reflections  from  distant  field- aligned  irregularities  have  been  observed 
hy  backscatter  observations  and  correlation  with  the  occurrence  of  spread-*1" 
in  the  region  from  Uppsala  and  Juliusruh  has  been  established.  The  relative 
magnitude  of  backscattered  energy  is  calculated  as  a  function  of  the  relative 
electron  density  variation  and  the  distance  of  the  scattering  irregularities. 
Comparison  of  topside  spread-F  observations  and  bottomside  backscatter 
observations  was  made  to  find  out  whether  the  freouency  of  occurrence  of 
spread-F  is  higher  on  the  bottomside  or  on  the  topside  of  the  ionosphere. 
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BACKSCATTER  OBSERVATIONS  FROM 
DISTANT  FIELD-ALIGNED  IRREGULARITIES 

H.Kopka,  H.G.Moller  and  W.Stoffregen 


1.  COMPARISON  BETWEEN  IF- BACKSCATTER  AND  SPREAD-F 

OBSERVED  AT  BOTTOMSIDE  VERTICAL  SOUNDERS 

In  the  Max-Planck-Institut  fur  Aeronomie  in  Lindau  sweep- frequency  backscatter  measure¬ 
ments  have  been  made  sirffce  1962.  The  equipment  used  is  almost  the  same  as  a  vertical 
ionosonde,  but  with  higher  frequency  range  (2.8  -  45  MHz),  higher  power  (200  kW) ,  and 
antennas  directed  obliquely.  Rhombic  antennas  pointed  in  10  different  directions,  36° 
apart,  are  used. 

In  the  daytime  we  usually  get  records  which  are  clearly  due  to  ground  backscatter. 
Sometimes  the  traces  are  so  sharp  that  they  split  into  the  two  magneto-ionic  components1. 

During  night  time  and  especially  in  a  northerly  direction  we  get  scatter  Bignals  (the 
so-called  lF-backscatter)  whose  delay  time  is  about  half  of  that  for  normal  ground  back¬ 
scatter.  The  lower  edge  of  the  traces,  i.e.  the  signals  with  shortest  delay  time,  is 
usually  sharply  bounded.  Figure  1  shows  a  typical  example.  Figure  2  shows  the  transition 

from  daytime  to  night  time.  The  distinct,  nearly  horizontal  traces  often  merge  during  the 

early  night  hours  but  also  often  remain  distinct  all  night.  Figure  3  shows  the  frequency 

of  occurrence  of  such  traces  for  different  group  paths  as  a  function  of  time.  A  similar 

distribution  is  shown  for  the  occurrence  of  spread-F. 

The  correlation  of  spread-F  in  Uppsala  with  IF- backscatter  from  the  ionosphere  around 
Uppsala  observed  at  Lindau  is  given  in  Table  I  (November  1,  1965  -  January  31,  1966). 


TABLE  I 


Spread-F  at  Uppsala 

Yes  No 

lF-backscatter 

yes 

556 

167 

(P'  ~  1000  km) 

no 

269 

195 

The  correlation  of  the  two  phenomena  is  somewhat  indeterminate  if  only  yes-no  decisions 
are  used.  A  quantitative  comparison  can  be  made  by  comparing  the  frequency  interval  of  the 
spread-F,  Af  ,  with  the  signal-strength  of  the  backscatter  from  the  equivalent  distance. 

sp 

Since  at  Lindau  only  group-path  frequency  records  are  available  the  frequency  range  Af 
for  a  fixed  group-path  interval  (400  km  <  P'  £  550  km)  was  used  as  a  rough  measure  for  the 
strength  of  the  scatter  signals.  This  frequency  range  is  plotted  against  Af  at  Juliusruh 

s  p 

in  Figure  4.  For  example,  in  half  the  cases  in  which,  at  Juliusruh,  Af„_,  =  0.3  MHz,  back- 

sp 

scatter  occurs  in  Lindau  with  a  frequency  range  up  to  0.9  MHz. 
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For  these  observations  small  Af„n  (<  0.2  MHz)  at  Juliusruh  is  accompanied  by  weak 
scatter  signals  at  Lindau.  The  maximum  backscatter  strength  occurs  when  Afe.  in 
Juliusruh  is  about  0.3  MHz. 

It  is  surprising  that,  for  larger  values  of  Af  at  Juliusruh.  the  field  strength  of 
the  backscatter  signals  decreases.  This  is  seen  more  clearly  if  the  observations  after 
midnight  are  plotted  separately,  as  shown  in  Figure  4(c). 

Both  IF- backscatter  and  spread-F  can  be  explained  as  scattering  from  ionospheric  field- 
aligned  irregularities.  Renau2  did  this  for  spread-F  and  found  good  agreement  at  lower 
latitudes  between  calculation  and  observation,  but  worse  agreement  at  higher  latitudes. 

In  other  cases  we  often  find  spread-F  records  of  higher  latitudes  (Uppsala)  for  which  the 
agreement  is  much  better  (as  an  example,  see  Figure  5).  Since  the  agreement  differs  at 
higher  latitudes  other  factors  are  also  responsible.  (That  means  that,  for  a  good  corre¬ 
lation  of  IF- backscatter  coming  from  the  ionosphere  above  Uppsala,  one  has  to  distinguish 
the  type  of  the  spread-F;  this  has  not  been  done  yet.)  Here  it  is  assumed  that  spread-F 
is  caused  by  aspect-sensitive  scattering  on  field- aligned  irregularities. 

An  explanation  of  lF-backscatter  as  scattering  from  field-aligned  irregularities  with  a 
vertical  earth’s  magnetic  field  has  been  given  by  Bates3.  He  showed  that  in  this  case  the 
group  path  of  the  lF-backscatter  is  half  the  group  path  of  the  normal  ground  backscatter. 
The  principle  is  illustrated  in  Figure  6. 

At  middle  latitudes  the  earth' s  magnetic  field  is  inclined.  In  this  case  the  sieve  of 
the  IF- backscatter  trace  on  P'(f)  records  is  less  steep,  as  shown  hy  Moller.  He  calcula¬ 
ted  the  backscatter  trace  as  the  envelope  of  all  oblique  ionograms  (i.e.  group  path  as  a 
function  of  frequency)  up  to  all  magnetic  field  lines,  until  the  corresponding  rays  reach 
the  field  line  perpendicularly.  A  flat  ionosphere  above  a  curved  earth  was  assumed  in  this 
calculation,  but  the  calculation  has  now  been  improved,  to  include  the  case  of  a  curved 
ionosphere.  This  is  possible  analytically,  as  is  well  known,  by  using  the  model  of  a  quasi 
parabolic  layer; 


N  =  0  if  r  ^  rb  . 

The  new  result,  shown  in  Figure  7,  differs  only  slightly  from  the  results  obtained  with 
the  assumption  of  a  flat  ionosphere. 

The  Lindau  station  is  situated  at  a  geographic  latitude  of  51.5°  N  .  For  the  calculation, 
however,  the  backscatter  station  was  taken  as  49.5°  N  because  with  this  assumption  the  dip 
angle  of  the  dipole  field  fits  the  existing  inclination  better.  The  figures  on  the  left 
of  the  calculated  oblique  frequency  traces  correspond  to  the  latitude  of  the  reflecting 
irregularity.  The  envelope  of  these  traces  corresponds  to  the  leading  edge  observed  on 
P'(f)  backscatter  records.  The  height  hMUF  indicates  the  height  of  reflection  at 
leading  edge.  This  height  decreases  with  increasing  frequency  and  has  a  minimum  close  to 
the  highest  frequency  of  the  envelope. 

Figure  8  shows  envelopes  calculated  for  different  layer  heights.  At  hQ  <  220  km,  the 
highest  frequency  tends  to  infinity.  This  would  also  happen  for  hQ  >  220  km  if  the 
backscatter  station  had  been  moved  farther  south  or  if  a  slight  deviation  of  the  condition 
of  perpendicular  reflection  had  been  admitted. 

Backscatter  observations  made  at  Lindau  gave  good  agreement  with  these  calculations. 
Sometimes  even  the  shape  of  the  leading  edge  of  the  backscatter  records  resembled  the 
shape  of  the  envelope  calculated  for  h0  =  220  km  and  the  highest  observed  frequency  was 
7  times  the  critical  frequency  at  vertical  incidence. 


The  good  agreement  between  observation  and  calculation  shows  that  the  model  of  field- 
aligned  scatter  is  physically  real.  But  the  model  can  be  extended  hy  an  energy  considera¬ 
tion.  In  the  earlier  papers  it  was  always  assumed  that  reflection  was  possible  from  the 
ionised  columns  along  the  magnetic  field  lines  throughout  the  ionosphere,  as  if  thin  metal 
plates  were  fixed  along  the  magnetic  field. 

The  scattered  energy  from  field-aligned  irregularities  will  now  be  estimated.  It  will 
be  assumed  that,  along  the  field  lines,  ionised  columns  exist  so  that,  within  the  columns, 
the  electron  density  is  N  +  AN  and  in  the  background  it  is  N  ,  and  that 
An/N  -  k  -  constant.  If  the  columns  are  much  larger  than  the  wavelength  (as  a  rough 
estimate),  the  scattered  energy  is  proportional  to  (An/n)2.  (A  more  exact  estimate  is  very 
complicated  (Liu5)).  For  a  parabolic  layer  this  leads  to 

An\2 

n  / 

P  = 

*(1  -  <£*) 

- — —  <  1  ,  otherwise  reflection  occurs. 

p  n 


1  - 


K(  1  -^2)| 

P2  n2  J 


-  1 


f  AN 

r  ■  *  =  T'  * 


z  -  z„ 


On  the  other  hand  the  field  strength  of  the  received  scatter  signal  depends  on  the 
spatial  attenuation  S  of  propagation.  The  spatial  attenuation  for  a  given  ground  distance 
and  apex  height  is  easily  calculated  for  a  flat  ionosphere.  The  same  values  are  valid  for 
lF-backscatter  and  a  perpendicular  magnetic  field.  The  result  is  shown  in  the  upper  diagram 
of  Figure  9.  As  is  well  known  the  energy  decreases  rapidly  for  the  high-angle  ray.  In  the 
middle  diagram  (An/n) 2  is  plotted,  as  a  function  of  frequency,  and  in  the  lower  diagram 
the  product  S(An/n)2,  which  gives  the  total  effect  of  both  parts  on  the  received  scatter 
signal.  It  shows  that  over  a  large  frequency  range  the  received  scatter  signals  will  come 
almost  equally  from  the  parts  of  ionosphere  above  and  below  the  height  of  the  MUF. 

Figure  10  shows  signal  strength  for  different  distances  and  electron  density  gradients 
AN/N.  It  shows  that  for  a  higher  gradient  AN/N  the  height  range  of  the  ionosphere  from 
which  the  received  signals  are  scattered  increases.  But  this  means  that  less  energy  can 
be  scattered  at  other  distances,  since  more  energy  is  scattered  over  a  large  height  range 
of  the  ionosphere  at  that  distance  where  AN/N  is  large.  In  other  words,  the  farther 
regions  are  more  shielded.  This  explains  why,  with  higher  Af„„  ,  the  lF-backscatter  signals 

op 

have  a  shorter  frequency  range. 


2.  COMPARISON  BETWEEN  GROUND-BASED  AND  TOPSIDE 

OBSERVATIONS  OF  SPREAD-F 

There  are  different  hypotheses  for  the  origin  of  spread-F.  Dagg6  suggested  that  turbulent 
electrostatic  fields  generated  in  the  dynamo  region  of  the  ionosphere  could  be  transferred 
to  the  F-region  along  the  lines  of  the  earth’ s  magnetic  field  and  may  cause  the  formation  of 
irregularities  there.  Axford  and  Hines7  suggested  that  the  turbulent  electrostatic  fields 
are  generated  in  the  magnetosphere  and  transferred  downward.  If  it  is  assumed  that  only 
the  greater  turbulences  can  penetrate  to  the  maximum  of  the  F- layer  and  smaller  ones  do 
not,  then  the  frequency  of  occurrence  of  spread-F  should  be  higher  on  the  bottocnside, 
according  to  Dagg' s  suggestion,  and  vice  versa,  if  the  model  of  Axford  and  Hines  is  correct. 

The  occurrence  frequency  of  spread-F  as  a  function  of  time  and  latitude  has  been 
investigated  by  Singleton6  using  bottomside  ionograms  and  by  Calvert  and  Schmid9  using 
Alouette  I  topside  ionograms.  A  comparison  of  these  investigations9  yields  the  result  that 
a  greater  frequency  of  occurrence  of  spread-F  is  found  by  topside  sounder  observations. 
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This  finding  would  favour  the  model  of  Axford  and  Hines7,  if  experimental  differences 
could  be  excluded. 

It  could  be  that  the  interference  level  is  high  on  the  bottomside  and  therefore  the 
lower  sensitivity  of  the  bottomside  measurements  would  cause  a  lower  rate  of  occurrence 
frequency  of  spread-F.  To  answer  this  question  records  produced  by  the  fixed- frequency 
topside  sounder  Topsi  were  compared  with  bottomside  records  produced  by  the  vertical  and 
the  backseat ter  sounder  in  Lindau. 

The  fixed  frequency  topside  sounder  uses  five  frequencies  between  1. 5  and  7. 22  MHz. 
Occasionally  it  was  found  that  spread-F  was  present  only  on  the  lower  but  n^t  on  higher 
frequencies,  indicating  that  the  inhomogeneities  did  not  extend  down  to  the  maximum  of 
the  F-layer.  To  exclude  those  cases  the  highest  possible  frequency  was  always  used 
for  the  above  comparison.  Calvert  and  Schmid9  did  not  say  that  they  made  the  same 
exclusion. 

To  get  consistent  results  we  used  only  those  records  for  which  the  satellite  passed  the 
ground  station  at  a  horizontal  distance  <  700  km.  As  records  were  available  only  between 
January  and  July,  1965,  not  more  than  31  observations  could  be  reduced. 

The  comparison  between  these  selected  topside  records  and  the  vertical  sounder  yielded 
the  following  result  (Table  II): 


TABLE  II 

Topside  spread-F 

, - « - s 

yes  no 


Bottomside 

spread-F 


yes 

no 


14 

2 

3 

12 

Hence,  spread-F  was  observed  in  14  +  3  =  17  cases  on  the  topside  records,  whereas  16  cases 
were  observed  at  the  bottomside  records,  or  the  occurrence  frequency  of  spread-F  observed 
on  the  topside  exceeded  the  bottomside  records  by  only  6%.  14  +  12  =  26  of  31  records 

gave  the  same  answer,  or  agreement  was  found  in  86%  of  the  records  compared. 

For  the  comparison  between  topside  records  and  bottomside  backscatter  it  was  necessary 
that  the  path  of  the  satellite  did  not  deviate  toe  much  from  the  direction  of  the  main  loop 
of  the  antenna  pattern  used  at  the  ground  station.  Figure  11  shows  the  geography  and  the 
main  antenna  direction.  The  position  of  the  satellite  with  respect  to  the  ground  station 
is  given  by  the  polar  coordinates,  distance  D  and  angle  a.  If  a  =  0  the  satellite  is 
in  the  ma  i  antenna  d  rection. 

Figure  12  shows  a  P'(f)  backscatter  record  and  the  simultaneous  topside  records,  which 
show  reflection  on  the  lower  frequencies  1.5  and  2.0  MHz.  At  the  nearest  approach  to 
Lindau  (a  =  9C°)  the  trace  of  the  x-component  of  the  1.5  MHz  record  shows  strong  distor¬ 
tions,  whereas  both  components  on  the  2.0  MHz  record  are  sharp  lines,  except  at  the  distance 
D  =  300  km  where  a  short  trace  merges  with  the  trace  of  the  x-component.  This  trace 
resembles  a  combination  mode  as  described  by  Muldrew10  and  Calvert  and  Schmid9.  The 
vertical  sounder  at  Lindau  shows  spread-F,  and  the  backscatter  sounder  gives  a  faint  indi¬ 
cation  of  lF-backscatter  branching  from  the  traces  of  the  vertical  incidence  reflection. 
Between  D  =  300  km  and  D  =  600  km  all  traces  are  sharp;  no  IF- backscatter  is  detected. 
Beyond  D  =  600  km  strong  spread-F  appears  on  the  topside  record.  On  the  backscatter  record 
strong  IF- backscatter  starts  at  P'  =  700  km,  which  corresponds  to  a  horizontal  distance  of 
650  km  if  a  height  of  reflection  h'  =  250  km  is  assumed.  The  maximum  range  of  the  lF-fcack- 
scatter  is  P'  =  1400  km  or  D  =  1350  km. 
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Similar  results  are  shown  in  Figure  13.  Only  one  combination  mode  is  merging  with  the 
x-  and  o-traces  at  D  =  300  km  .  The  vertical  sounder  shows  faint  spread-F.  Up  to 
D  =  550  km  both  traces  are  clean.  No  lF-backscatter  is  observed  below  P'  =  700  km  . 

(The  sharp  heavy  line  at  P'  =  600  km  belongs  to  an  oblique  transmission  from  Sodankyla, 
Finland.)  The  spread-F  on  this  topside  record,  as  well  as  the  backscatter  traces,  are 
slightly  more  structured  than  in  Figure  12.  The  structure  of  the  backscatter  record  is 
sketched  at  the  bottom  of  the  topside  record.  But  it  is  hardly  possible  to  identify  the 
detailed  structure  of  the  different  records. 

On  both  records  the  apparent  range  of  the  x-component  on  1.5  MHz  was  higher  than  on 
2.0  MHz.  The  retardation  is  due  to  a  gradient  of  electron  density  in  the  bottomside 
ionosphere.  When  this  retardation  decreases,  spread-F  appears.  This  same  phenomenon  was 
observed  on  10  out  of  12  paths  during  winter  nights. 

It  can  also  be  seen  on  records  of  the  sweep- frequency  topside  sounder  Alouette  1,  as 
shown  in  Figure  14.  On  the  first  ionogram  the  x-raode  is  strongly  retarded  shortly  above 
the  x-mode  cutoff  frequency.  In  th"1  subsequent  ionograms  this  retardation  diminishes  and 
finally  disappears  when  spread  F  t.comis  stronger. 

In  a  way  similar  to  that  used  for  Figures  12  and  13.  23  observations  were  analysed.  At 
fixed  distances,  in  steps  of  250  km,  the  agreement  between  bottomside  and  topside  observa¬ 
tions  yielded  the  results  shown  in  Table  III. 


TABLE  III 


Distance  (km) 

500 

750 

1000 

1250 

1500 

Agreement  -  yes 

no 

16 

16 

15 

16 

11 

2 

6 

8 

4 

7 

At  500  km  the  frequency  of  occurrence  of  spread-F  was  equal  for  topside  and  backscatter 
records.  At  longer  distances,  however,  the  frequency  of  occurrence  of  spread-F  was  higher 
for  the  topside  records.  This  is  quite  understandable,  as  the  topside  sounder  does  not 
change  frequency  with  increasing  distance.  However,  backscatter  signals  from  larger 
distances  have  higher  frequencies  and  it  was  shown  in  the  previous  section  that,  for  higher 
frequencies,  k  -  An/n  has  to  be  increased  with  increasing  frequency  to  get  the  same 
scattered  energy  back  to  the  receiver. 

In  conclusion,  then,  the  frequency  of  occurrence  of  spread-F  is  equal  for  bottomside  and 
topside  observations  if,  for  this  comparison,  only  the  highest  frequency  is  used,  so  that 
the  comparison  is  restricted  to  the  vicinity  of  the  maximum  of  the  F-layer.  Therefore, 
instrumental  errors  can  be  excluded  for  the  comparison.  As  more  spread-F  is  seen  on  the 
lower  frequencies  of  the  topside  sounder,  the  total  number  of  irregularities  is  higher  on 
the  topside  of  the  ionosphere.  This  compares  favourably  with  the  model  of  Axford  and 
Hines7,  which  shows  that  a  downward  stream  of  turbulent  electrostatic  fields  causes  the 
irregularities  in  the  F-region. 

We  are  indebted  to  Dr  Calvert  for  permission  to  use  the  Topsi  records  and  to  Dr  King, 
who  supplied  the  films  recorded  at  Winkfield,  England,  and  South  Atlantic,  UK. 
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(21°)  and  southern  (201°)  direction 
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Fig. 3  Frequency  of  occurrence  of  (a)  lF-backscatter  and  (b)  spread-F  as  a  function  of  time. 
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Fig. 4  (a)  and  (c)  Comparison  of  backscatter  observed  at  Lindau  with 

spread-F  observed  at  Juliusruh. 

(b)  and  (d)  Number  of  observations  of  60  nights  during  1962/63 
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Fig. 6  Above:  P'(f)  diagram  for  ground  backscatter. 

Middle:  Transmission  paths  for  a  fixed  frequency  and  different  angles  of 

transmission.  The  vertical  dashes  represent  scattering  irregularities 
in  the  F-layer. 

Below:  P'(f)  diagram  for  backscatter  from  vertical  irregularities  in  the  F-layer 


Fig. 7  Oblique  transmission  path  P'  as  a  function  of  normalised  frequency,  f/fc  , 
calculated  for  different  irregularities;  the  figures  on  the  left  of  the  traces 
indicate  the  geographic  latitude.  The  transmitter  latitude  is  49.  5°  north 
h„UF  is  the  reflection  height  of  the  highest  frequency.  The  dots  indicate  the 

height  of  maximum  electron  density. 


Envelopes  of  P'(f)  calculation  as  shown  in  Figure  7  for  different  layer  height  h( 
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Above:  Spatial  attentuation  5  . 

Middle:  Energy  scattering  coefficient  (An/n)2  . 

Below:  Relative  scattered  energy  5(An/n)2  calculated  as  a  function  of  frequency 
for  an  irregularity  with  a  constant  Jump  of  relative  electron  density 
AN/N  =  k  -  0. 1 
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Fig. 13  Comparison  of  simultaneous  observations  of  lF-backscatter  (upper  diagram)  and 
fixed  frequency  topside  sounder  1.5  MHz  and  2.0  MHz  (lower  diagram). 

The  filled  bar  indicates  strong  lF-backscatter  and  the  open 
bar  faint  lF-backscatter 
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SUMMARY 


The  first  part  of  this  paper  covers  the  study  of  guidance  of  HP  radiowaves 
along  field-aligned  paths  using  the  top-side  sounder  data  from  the  Alouette  2 
satellite.  More  than  100,000  Alouette  2  ionograms  have  been  used  in  this 
analysis  and  an  unusually  high  percentage  of  occurrence  of  conjugate  echoes 
has  been  observed  in  the  data  of  some  equatorial  stations.  The  maximum  per¬ 
centage  of  occurrence  of  conjugate  traces  around  local  midnight  when  the 
satellite  is  near  the  apogee  (3000  km)  throws  some  light  on  the  diffusion 
mechanism  responsible  for  the  formation  of  field-aligned  irregularities.  The 
Singapore  data  (geomagnetic  longitude  180°  ±30°)  has  shown  higher  occurrence 
of  ducted  echo  traces  (>10%)  than  the  data  from  all  other  stations.  This  is 
rather  a  large  percentage.  The  longitudinal  preference  may  be  conducted 
with  the  larger  magnetic  field  strengths  in  that  longitudinal  range.  Three 
interesting  types  of  ionograms  containing  conjugate  echo  traces  are  presented. 
They  are  called  the  "double  hook”,  the  "triple  hook”  and  the  “equatorial” 
types.  A  self-consistent  explanation  based  on  the  assumption  of  multiple 
reflections  between  conjugate  points  of  the  field  line  passing  through  the 
satellite  is  presented. 

The  second  part  of  the  paper  covers  the  results  of  the  digital  ray¬ 
tracing  study  of  the  guidance  of  HF  radiowaves  along  field-aligned  ionization 
irregularities  in  the  magnetosphere  of  the  Earth.  Various  computer  results 
are  shown  to  illustrate  the  mechanism  of  guidance  of  radiowaves.  Time- 
delay  and  trapping  characteristics  of  the  three  types  of  conjugate  echoes  that 
are  frequently  observed  in  the  Alouette  2  topside  sounder  records  are 
simulated  using  the  ray-tracing  methods.  Some  of  the  optimum  conditions 
for  guidance  of  electromagnetic  waves  along  a  magnetic  field  line  are 
discussed.  The  results  reported  here  on  the  HF  ducting  phenomenon  are 
directed  primarily  towards  determining  whether  such  a  mechanism  may  be 
utilized  to  study  the  magnetospheric  phenomena  and  whether  it  can  be  useful 
as  a  reliable  communication  link. 
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OF  HF  RADIOHAVES  USIhu  ALOUETTE  2  TOPSIDE  SOUNDER  DATA 
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Jayaram  Ramasastry,  Edward  J.  Walsh  and  John  R.  Herman 


PART  I 

CONJUGATE  ECHOES  IN  ALOUETTE  2  TOPSIDE  SOUNDER  DATA 


1.  INTRODUCTION 

High  frequency  conjugate  echoes  were  first  observed  on  the  Alouette  1  sweep  frequency 
topside  sounder  data1.  Conjugate  signals  have  also  been  observed  on  the  Explorer  20 
fixed-frequency  topside  sounder  ionograms3.  Some  occurrence  statistics  concerning  the 
Alouette  2icnograms  have  also  been  published3.  However,  the  study  of  HF  conjugate  echoes 
on  Alouette 2 ionograms  has  offered  challenging  problems  and  some  exciting  results.  Three 
types  of  ionograms  containing  symmetric  conjugate  echo  traces  which  appear  frequently  are 
presented  and  explained  in  terms  of  multiple  reflections  between  the  conjugate  points  of 
a  field  line  passing  through  the  satellite.  Such  symmetric  traces  have  not  been  previously 
reported  in  the  literature. 

The  Alouette  2  topside  sounder  is  better  suited  to  the  study  of  conjugate  echoes  than 
that  of  Alouette  1  because  of  the  lower  frequency  limit  of  the  sounder.  The  transmitter 
and  the  receiver  are  tuned  to  the  same  frequency  which  is  swept  in  time.  The  transmitter 
is  pulsed  once  in  32  msec  and  the  instrumentation  provides  a  new  zero  time- reference  each 
32  msec,  thus  pulses  returning  with  delays  of  37,  69,  or  101  msec  will  all  be  recorded 
as  traces  of  5  msec  group  delay  on  the  same  ionogram  frame.  More  than  100,000  ionograms 
from  eight  stations  (Quito,  Fort  Myers,  Santiago,  Johannesburg,  Kano,  Singapore,  Hinkfield, 
and  Orroral  Valley)  have  been  examined  by  the  authors  and  some  of  the  observations  of  the 
HF  ducting  phenomena  in  the  magnetosphere  of  the  Earth  have  been  very  revealing.  Various 
statistical  results  are  presented  and  the  occurren *e  characteristics  of  the  conjugate  echoes 
are  discussed. 


2.  METHOD  OF  ANALYSIS 

All  the  available  ionograms  from  the  eight  stations  were  analyzed  to  identify  the 
ionograms  with  conjugate  traces.  Muldrew3  classified  all  the  available  ionograms  into 
five  groups  depending  on  the  value  of  f  ,  the  frequency  of  the  extraordinary  wave 
which  has  zero  refractive  index  at  the  satellite  altitude.  The  reason  given  by  the  author 
for  such  a  classification  is  that  it  gives  a  rough  indication  of  the  electron  density  at 
the  satellite  altitude.  While  it  is  a  convenient  method  of  classification,  it  does  not 
provide  any  new  physical  insight  into  the  guidance  of  HF  radiowaves.  Consequently,  the 
authors  have  not  adopted  any  method  of  classification  of  frames  with  conjugate  echoes. 

The  statistical  data  in  the  present  analysis  are  restricted  to  those  ionograms  which 
exhibit  conjugate  echoes.  Hence  the  percentage  occurrence  should  be  taken  to  mean  that 
so  many  out  of  100  ionograms  with  conjugate  ducts  occur  at  the  indicated  value  uf  the 
parameter  (altitude,  local-time,  or  L  value). 
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Since  the  argument  that  the  perigee  rotates  only  1.89  deg/day,  which  is  almost  the 
same  as  the  precession  of  the  orbital  plane  with  respect  to  the  sun,  the  local  time  at 
perigee  (or  apogee)  charges  less  than  3  hours/year.  For  the  period  of  the  data  used  in 
our  analysis,  the  perigee  occurs  near  local  noon  and  the  apogee  near  local  midnight. 

Hence  the  satellite  intersects  the  smaller  L  shells  near  noon  and  the  larger  L  shells 
near  midnight.  As  we  shall  see  later,  the  percentage  occurrence  is  rather  large  around 
local  midnight,  when  the  satellite  is  near  the  apogee. 


3.  CONJUGATE  ECHOES  AS  A  FUNCTION  OF  L  VALUE 

The  percentage  occurrence  of  conjugate  echoes  between  21  hours  and  04  hours  local  time 
is  plotted  as  a  function  of  L  in  Figure  1.  This  period  of  local  time  is  chosen  to 
afford  comparison  with  the  results  of  Muldrew3.  The  results  presented  here  are  consistent 
with  Muldrew* s  argument  that  the  occurrence  percentage  is  high  and  almost  constant  during 
this  time  period.  The  results  for  L  values  larger  than  3.  5  are  not  considered  representa¬ 
tive  and  hence  may  be  deleted  from  discussion.  Very  few  conjugates  ducts  are  observed  at 
these  high  L  values  because  the  receiver  is  no  longer  tuned  to  the  frequency  of  echoes 
that  arrive  after  the  long  delay  required  for  propagation  along  a  di'**t  with  an  L  value 
about  4  or  greater.  Such  a  conclusion  agrees  with  our  analysis  of  ‘triple  hook”  and 
“double  hook”  traces  where  the  traces  corresponding  to  multiple  reflections  between  the 
conjugate  point  start  fading  out  as  the  group  delay  exceeds  200  msec.  The  authors’ 
results  also  show  an  apparent  drop  in  occurrence  for  L  less  than  about  1  35.  It  can 
also  be  agreed  that  such  a  rapid  drop  may  not  be  real,  since  the  data  at  such  low  L 
values  are  not  representative  because  of  the  characteristics  of  the  satellite  orbit,  i.e. , 
the  satellite  intersects  lower  L  shells  during  local  noon  where  the  percentage  occurrence 
of  conjugate  echoes  is  almost  zero3.  One  may  say  in  this  context  that  the  Alouette  2 
satellite  was  not  designed  originally  to  study  conjugate  ducting.  Future  experiments 
designed  to  study  conjugate  ducting  should  have  the  capability  of  receiving  signals  for 
longer  periods  of  time  at  any  one  frequency;  in  addition,  the  orbital  characteristics  of 
the  satellite  should  be  such  that  the  data  are  representative  of  guidance  in  field  lines 
of  both  low-  and  hlgh-L  values. 


4.  CONJUGATE  ECHOES  AS  A  FUNCTION  OF 
LOCAL  TIME  (1-HOUR  AVERAGES) 

The  percentage  occurrence  of  conjugate  echoes  as  a  function  of  local  time  is  shown  in 
Figure  2.  The  data  were  averaged  in  1-hour  intervals  of  local  time.  This  averaging  time 
interval  is  selected  in  view  of  the  fact  that  the  local  time  drift  along  the  propagation 
path  may  be  about  an  hour.  It  can  be  seen  that  the  percentage  occurrence  of  conjugate 
echoes  is  almost  zero  in  the  time  interval  0600  to  1800  hours  local  time.  There  is  a 
pronounced  broad  maximum  between  2100  and  0400  hours  local  time.  The  post-midnight 
maximum  in  duct  occurrence  when  the  satellite  altitude  is  near  apogee  brings  forth  the 
discrete  characteristics  of  the  field-aligned  ionization  irregularities.  As  may  be  noted, 
the  ambient  density  during  night  time  is  considerably  lower  and  any  diffusion  mechanism 
capable  of  channelling  the  particles  along  the  field  line  creates  larger  gradients  of 
electron  density  along  the  field  line  during  the  night  time.  Hence  the  increased 
efficiency  in  the  guidance  of  radiowaves  during  night  time  can  be  anticipated. 


3.  CONJUGATE  ECHOES  AS  A  FUNCTION  OF 
SATELLITE  ALTITUDE 

The  percentage  occurrence  of  conjugate  echoes  as  a  function  of  satellite  altitude  is 
shown  in  Figure  2.  As  mentioned  before,  the  satellite  is  around  the  midnight  meridian 
when  it  approaches  the  apogee  of  its  orbit.  Hence  the  high  altitude  maximum  is  consistent 
with  the  previous  conclusions  about  midnight  maximum  .  Conjugate  echoes  are  rarely  seen  at 
altitudes  less  than  1200  km  in  the  Alouette  2  data. 
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6.  EXAMINATION  OF  CONJUGATE  TRACES 

In  the  Alouette  2  ionograms,  the  conjugate  echoes  generally  appear  as  beautifully 
symmetric  patterns  of  high  intensity.  When  they  appear,  the  normal  traces  in  the  ionogram 
are  faded  out  because  of  the  automatic  gain  control  in  the  receiver.  Figure  4  shows  a 
series  of  evenly  spaced  “double  hooks”  separated  by  horizontal  traces,  while  Figure  5 
shows  a  pattern  of  symmetric  “triple  hooks.”  Figure  6  shows  a  pattern  of  “equatorial 
traces”.  The  symmetry  of  these  patterns  is  in  sharp  contrast  to  the  types  of  conjugate 
traces  reported  by  Muldrew1  for  Alouette  1  data.  They  are  also  in  sharp  contrast  to  the 
conjugate  traces  reported  by  Muldrew3  for  Alouette  2  data.  The  L  values  of  the  magnetic 
field  lines  passing  through  the  satellite  for  these  three  examples  (L  =  1.53,  1.63,  1.45 
respectively)  are  larger  than  the  L  values  for  the  conjugate  echo  traces  considered  by 
Muldrew1  for  the  Alouette  1  data.  Hence,  the  major  portions  of  the  paths  are  in  the  regions 
of  low  electron  densities  for  the  cases  considered  here,  N  and  S  correspond  to  the 
north  and  south  directions  taken  by  the  signal.  Only  thu  extraordinary  wave  traces  of 
of  conjugate  echoes  are  observed.  As  the  frequency  of  the  radio  waves  increases,  the 
medium  behaves  more  like  free  space,  tending  to  decrease  the  group  delay.  However,  the 
rays  penetrate  deeper  into  the  ionosphere  at  higher  frequencies,  giving  rise  to  an  increase 
in  the  group  delay.  If  the  two  effects  compensate  each  other,  the  group  delay  of  the 
round  trip  trace  (N  +  S)  will  be  independent  of  frequency.  Then,  all  the  round  trip  traces 
(N  +  S,  2N  +  2S,  3N  +  3S,  .  . .  )  appear  as  horizontal  traces  in  the  ionograms.  This  condition 
is  not  always  satisfied  since  round  trip  traces  with  group  delays  either  increasing  or 
decreasing  with  frequency  are  frequently  observed. 

The  far-end  echo  from  the  satellite  always  heads  along  the  field  line  away  from  the 
Earth  towards  the  region  of  decreasing  electron  density,  except  at  the  equator  where  the 
path  lengths  and  the  characteristics  are  the  same.  Hence,  reflections  were  not  obtained 
from  near  the  satellite  as  for  the  case  of  the  near-end  echo  which  follows  the  field  line 
towards  the  Earth  and  towards  the  region  of  increasing  electron  density.  This  results  in 
reflections  from  near  the  satellite.  The  subsequent  symmetry  of  the  N  and  S  traces 
follows  from  the  magneto-ionic  properties  of  the  ray  path. 

The  ionogram  in  Figure  4  is  a  typical  example  of  the  frequently  observed  "double  hook” 
patterns.  It  was  recorded  at  Quito,  Ecuador.  Also  shown  in  the  figure  are  the  proper 
relative  positions  of  the  various  traces  according  to  their  actual  time  delays.  The 
satellite  position  (geomagnetic  latitude  =  12.56°)  is  such  that  the  group  delays  of  the 
near-end  and  far-end  paths  along  the  field  line  differ  approximately  by  32  msec  and  the 
North  and  South  traces  seem  to  intersect  in  real  time.  The  geometry  of  the  path  length  of 
the  field  line  requires  the  round  trip  trace  (N  +  S)  to  be  positioned  twice  as  far  from 
the  beginning  of  its  own  time  frame  as  the  apparent  intersection  point  of  the  N  and  S 

traces.  The  (2N  +  2S)  trace  should  be  twice  as  far  from  the  beginning  of  its  frame  as  the 

(N  +  S)  trace  is  from  the  beginning  of  its  own  time  frame.  Similar  geometric  considerations 

can  account  for  the  uniform  spacing  of  the  traces  in  the  ionogram.  The  (2N  +  S)  and 

(3N  +  2S)  truces  are  shaped  like  the  N  trace,  and  the  (N  +  2S)  and  (2N  +  3S)  traces  are 
shaped  like  the  S  trace.  This  is  because  the  delay  times  for  the  round  trip  traces 

(N  +  S),  (2N  +  2S).  (3N  +  3S) .  are  virtually  independent  of  frequency.  The  direct 

consequence  of  such  a  situation  is  that  all  the  "double  hook"  traces  do  have  the  same 
shape.  The  (3N  +  3S)  trace  is  extremely  faint  but  is  discernible  on  the  microfilm. 

Figure  5  shows  the  ‘triple  hook”  ionogram  and  its  various  characteristics.  The  reason 
that  all  the  triple  hooks  in  the  ionogram  of  Figure  5  have  the  same  shape  is  once  again 
caused  by  the  frequency- independent  group-delay  characteristics  of  the  round  trip  traces. 

The  figure  also  shows  the  various  traces  according  to  their  respective  time  delays.  The 
near-end  trace  is  easily  recognizable  in  both  Figures  4  and  5  because  it  is  the  most  intense 
trace  which  starts  from  zero  group  delay.  This  characteristic  is  caused  by  reflections 
from  near  the  satellite  due  to  the  increasing  electron  density  in  that  direction  In 
both  the  ionograms,  the  far-end  trace  was  initially  selected  on  the  basis  of  its  intensity 
and  the  mirror- image-like  characteristic  with  respect  to  the  near-end  trace.  Also,  the 
L  value  of  the  field  line  corresponding  to  that  frame  gave  the  clue  as  to  the  approximate 
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group  delay  of  the  far-end  echo.  Digital  ray  tracing  analyses  have,  since  then,  borne 
out  these  assumptions. 

Figure  5  exhibits  triple  hooks  instead  of  double  hooks  because  the  satellite  is  displayed 
from  the  magnetic  equator  (geomagnetic  latitude  r  -19.53°)  so  that  the  group  delays  of  the 
near-end  and  far-end  echo  traces  dilfer  by  more  than  32  msec.  The  apexes  of  all  the  triple 
hooks  occur  at  the  frequency  where  the  time  delay  of  the  near  end  (S)  echo  is  exactly  one 
frame  time  (32  msec).  Then  the  N  ,  N  +  S  .  and  N  +  2S  echoes  all  have  the  same  positions 
in  their  relative  time  frames  at  that  frequency  and  1  seem  to  intersect  in  the  ionogram 
where  all  the  time  frames  are  superimposed. 

There  is  one  significant  condition  which  determines  whether  the  conjugate  echoes  form  a 
triple  hook  pattern  or  a  double  hook  pattern.  Double  hooks  are  observed  when  the  group 
delays  of  the  near- end  and  far-end  echoes  differ  by  approximately  32  msec.  Triple  hooks 
are  observed  when  the  group  delays  differ  by  more  than  32  msec. 

Figure  6  shows  an  example  of  "equatorial  trace”  pattern  of  conjugate  echoes  in  which  the 
difference  in  the  group  delays  between  the  near- end  and  far-end  echoes  is  much  less  than 
32  msec  (satellite  latitude  6  -  -3.32°).  In  this  case,  the  N  and  S  traces  do  not 
intersect  but  are  in  the  same  time  frame.  The  symmetry  of  the  other  multi-hop  traces  follows 
from  the  group  delay  characteristics  of  the  path. 

The  traces  representing  the  round  trip  paths  are  sometimes  inclined  to  the  horizontal. 

The  slopes  of  (2N  +  23),  (3N  +  3S).  (4N  +  4S),  and  so  forth,  are  exactly  twice,  thrice, 
four  times,  and  so  forth,  the  slope  of  the  trace  (N  +  S).  This  can  be  easily  verified  by 
adding  up  the  various  group  delays.  Such  inclined  round-trip  traces  appear  when  the  near¬ 
end  and  far-end  distances  differ  by  a  small  amount. 

One  of  the  significant  features  observed  in  Figure  5  is  that  the  (4N  +  4S)  trace  had  a 
delay  time  of  465  msec.  But  with  the  receiver  bandwidth  of  30  kHz  and  the  sounder  frequency- 
sweep  rate  of  0. 15  MHz/sec  the  receiver  is  essentially  detuned  after  200  msec.  This  may 
mean  that  the  faintness  of  the  (4N  +  4S)  trace  is  not  caused  by  the  leakage  and  attenuation 
of  the  signal  within  the  “magnetospheric  wave  guide.”  On  the  contrary,  the  signal,  after 
traversing  four  complete  round  trips  from  one  hemisphere  to  the  other,  covering  a  total 
path-length  of  about  60,000  km,  must  have  been  quite  strong  to  have  shown  up  at  all  in  the 
detuned  receiver. 

The  faint  (3N  +  3S)  trace  in  the  “double  hook"  case  (Fig.  4)  has  a  time  delay  of  316  msec 
and  probably  would  have  been  more  intense  if  the  receiver  had  been  properly  tuned  to  receive 
it. 


Figure  7  shows  a  conjugate  echo  frame  corresponding  to  a  high  L  value  of  1.76.  The 
satellite  was  at  -19.05°  (magnetic  latitude)  and  the  total  field-aligned  path  was  17,463  km, 
with  the  near-end  and  far-end  distances  being  6593  and  10,870  km,  respectively. 

Figure  8  shows  a  series  of  seven  ionograms  recorded  at  Quito  on  June  12,  1966,  from 
03:23:45  to  03:26:59  UT.  As  may  be  seen,  the  triple  hooks  prominently  appear  and  disappear. 
Such  a  sequence  is  representative  of  an  event  when  the  satellite  passes  through  a  cluster 
of  ionization  irregularities  with  strong  coupling  of  signals  into  ducts  of  various  closely 
spaced  L  shells. 

One  may  also  emphasize  in  this  context  that  the  ionization  irregularities  transverse 
to  the  field  lines  responsible  for  such  a  wave  guidance  may  be  either  enhanced  or  depleted 
columns  of  ionization.  The  nature  of  the  irregularities  is  not  discussed  in  the  present 

paper. 
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7.  DISCUSSION  AND  CONCLUSION 

One  must  bear  in  mind  that  the  Alouette  2  satellite  topside  sounder  experiment  was  not 
originally  designed  for  detecting  such  long  time-delay  echoes.  The  frequency  sweep  rates 
and  bandwidths  used  are  essentially  sufficient  t\  receive  the  signals  normally  incident 
on  the  topside  ionosphere.  The  Explorer  20  satellite7  had  a  fixed  frequency  topside  sounder 
transmitting  at  seven  different  frequencies  in  sequence,  each  time  the  corresponding  receiver 
being  tuned  for  15  msec.  The  next  time  the  receiver  could  receive  the  signal  at  that 
frequency  was  105  msec  later.  Since  the  satellite  altitude  was  only  1000  km  (circular 
orbit)  like  that  of  Alouette  1,  the  experiment  was  once  again  not  suitable  for  the  study  of 
conjugate  ducting.  A  suitably  designed  satellite  propagation  experiment,  with  its  receiver 
being  capable  of  receiving  signals  of  larger  time  delays,  may  unravel  all  the  mysteries 
about  magnetospheric  wave  guidance. 

The  authors  also  propose  an  experiment  in  which  a  transmitter  in  a  low  orbiting  satellite 
(preferably  eccentric  polar  orbit)  transmits  at  HP  to  a  high-altitude  satellite  (altitude 
of  apogee  ~  6000  km)  whose  receiver  should  have  the  capability  of  receiving  the  signals  for 
longer  periods  of  time.  The  now  orbiting  Radio  Astronomy  Satellite  might  have  the  desired 
receiving  characteristics  in  the  frequency  range  1-10  MHz.  Many  monostatic  and  bistatic 
radar  experiments  of  the  past  aimed  at  verifying  the  existence  of  iucts  and  shells  in  the 
magnetosphere  and  the  consequent  guidance  of  electromagnetic  waves  have  been  inconclusive . 

The  stability  and  frequency  of  occurrence  of  the  conjugate  echoes,  combined  with  the 
relatively  loss-free  multiple  reflections  between  the  conjugate  points,  of  the  signals 
observed  in  the  Alouette  2  satellite  data  have  created  challenging  opportunities.  Thus  a 
well  designed  experiment  may  provide  conclusive  answers  to  the  question  of  whether  or  not 
this  unique  magnetospheric  wave  guide  could  be  used  as  a  reliable  HF  communication  link 
between  conjugate  points  or  between  two  satellites  over  large  transequatorial  distances 
along  a  field-aligned  path.  Even  if  this  propagation  mode  cannot  be  used  as  a  communication 
link,  its  use  to  study  the  magnetospheric  phenomena  cannot  be  discounted. 
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PART  II 

DIGITAL  RAY-TRACING  STUDIES 


1.  INTRODUCTION 

Some  of  the  echo  truces  appearing  at  virtual  ranges  greater  than  those  of  the  normal 
vertical  incidence  echo  traces  on  the  topside  sounder  ionograms  have  been  explained  in  terms 
of  field-aligned  ionization  irregularities1.  The  irregularities  are  assumed  to  have 
thicknesses  greater  than  the  radio  wavelength  and  to  act  as  wave  guides  or  "ducts"  to  trap 
HF  energy  and  produce  the  long-range  echo  traces.  A  complete  review  of  the  past  theoretical 
and  experimental  work  directed  towards  testing  such  a  guidance  mechanism  has  been  published1*. 

The  guiding  of  rays  along  field  lines  requires  irregularities  with  a  certain  minimum 
transverse  ionization  gradient.  Propagation  between  magnetic  conjugate  points  or  “conjugate 
ducting”  occurs  when  the  transverse  ionization  gradient  exceeds  the  minimum  required  for 
guidance  at  the  apex  of  the  magnetic  line  of  force.  The  current  interest  in  the  HF  ducting 
phenomenon  is  directed  primarily  towards  determining  whether  such  a  mechanism  may  be 
utilized  to  study  the  magnetospheric  phenomena  and  whether  it  can  be  useful  as  a  reliable 
communication  link.  Here,  we  also  examine  the  conditions  under  which  the  HF  radiowaves 
ma>  be  guided  along  field-aligned  ionization  irregularities. 


2.  RAY-TRACING  METHOD 

The  ray  tracing  method  is  based  on  Hamilton’ s  system  of  equations5  as  derived  in  a 
spherical  polar  coordinate  system  by  Haselgrove6  and  extended  by  Grossi  and  Langworthy7 
for  the  Investigation  of  HF  and  VHF  ionospheric  propagation.  The  reader  is  referred  to 
Reference  7  for  a  description  of  the  basic  ray- tracing  program.  Because  of  the  high  accuracy 
obtainable,  the  use  of  a  high-speed  digital  computer  is  preferred  to  an  analog  machine  for 
the  integration  of  the  ray  equations.  The  Adams-Moulton  variable  step-size  integration 
method8  is  adopted  because  of  its  greater  flexibility  due  to  an  automatic  error  control 
which  halves  or  doubles  the  step  size  to  ensure  the  desired  accuracy  along  all  parts  of  the 
ray  path. 


3.  MAGNETOSPHERIC  MODELS 

The  electromagnetic  properties  of  the  magnetosphere  are  characterized  by  (i)  the  electron 
density  distribution,  (ii)  the  magnetic  field  distribution,  and  (iii)  the  electron  collision- 
frequency  distribution.  The  mathematical  models  for  these  three  items  are  implemented  in 
the  form  of  subroutines  and  can  therefore  be  modified  as  and  when  necessary. 


4.  MAGNETIC  FIELD  MODEL 

To  a  first  approximation,  a  dipole  model  is  used  for  the  magnetic  field  of  the  Earth. 
The  magnetic  field  equation  which  defines  the  gyrofrequency  fH  is  given  by 


f„(r,  9) 


(1+3  cosJi9 )  , 


(1) 


where  a  is  the  radius  of  the  Earth,  and  r  and  P  are  the  geocentric  distance  and 
colatitude  of  any  point  on  the  field  line. 
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cn  =  —  B0  x  10'6  ~  0.9  ,  (2) 

11  2n-m  0 

where  B0  is  the  magnetic  field  on  the  surface  of  the  Earth  at  the  equator,  and  e  and 
m  are  the  charge  and  mass  of  an  electron.  A  value  of  0.3142  gauss  is  used  for  BQ  . 

For  ray  tracing  along  high  L  value  field  lines,  the  63-term  spherical  harmonic  expansion 
of  Cains  et  al9.  is  used. 


5.  COLLISION  FREQUENCY  MODEL 

The  collision  frequency  model  is  based  on  results  published  by  F.  S.  Johnson10  in  the 
Satellite  Environment  Handbook. 


6.  ELECTRON  DENSITY  MODEL 

The  model  for  the  electron  density  distribution  incorporates  those  features  that  have 
a  bearing  on  the  high-frequency  ducting  problem.  Thus,  an  ionization  irregularity  normal 
to  the  field  line  is  superimposed  on  the  normal  radial  distribution  of  electron  density. 

In  this  model,  the  electron  density  is  given  by 

N(r,0,<£)  =  Nj(r,£>)*N^(r, £>,<£)  .  (3) 

where  Q  is  the  colatitude  and  <£  is  the  magnetic  longitude.  N x (r, represents  the 
background  density  in  the  magnetic  meridional  plane  and  N2(r,<?,c£)  represents  the  ionization 
in  the  field-aligned  irregularities  in  both  the  meridional  and  azimuthal  planes. 

The  background  ionization  is  assumed  to  have  the  form 


N/r.i0)  =  NF  +  Nx  . 


(4) 


Here  Np  and  Nx  refer  to  the  electron  densities  in  the  ionospheric  F-region  and  the 
exosphere,  respectively. 


N 


F 


max 


exp 


where  NBax  is  the  peak  electron  density  and 


W  = 


(5) 


(6) 


in  which  hBax  is  the  altitude  of  the  peak  electron  density,  NBax  ,  and  HF  is  the  scale 
height.  In  our  calculations,  the  maximum  altitude  hBax  is  assumed  to  be  350  km  and 
HF  =  50  km. 


The  Angerami  and  Thomas  diffusive  equilibrium  model11  is  used  for  the  exospheric  electron 
density  distribution  above  1000  km  and  below  the  plasma-pause  which  exists  at  a  distance 
of  from  3  to  4.5  Earth  radii.  The  centrifugal  force  caused  by  the  rotation  of  the  Earth 
is  neglected  while  applying  the  Angerami  and  Thomas  model.  With  this  model  the  electron 
density  in  the  exosphere  is  given  by 


Nx  =  Nr*[l  659  x  10' 3P  + 


1.662  x  104] 


(7) 


where  Q  is  the  colatitude  in  degrees.  The  terms  within  the  brackets  represent  the 
latitudinal  variation  of  exospheric  electron  density  as  derived  by  Thomas  and  Sadar12  using 
Alouette  1  satellite  data. 


Nr(Z)  =  /Sj  exp  (- Zx/Hj  )~j  ,  (8) 

where  Zx  is  the  geopotential  altitude  given  by 

Zx  =  7  (r“ro)  •  O) 

r0  is  the  reference  radial  distance  and  is  equal  to  6870  km  in  the  model.  The 
i  refers  to  each  ion  present  in  the  exosphere.  and  /3^  refer  to  the  scale 
and  the  fractional  density  of  the  ith  ion  at  the  reference  level  rQ  .  The  scale 
is  given  by 


where  k  is  the  Boltzmann  constant,  T1 
pectively,  of  the  ith  ion,  and  g(rQ) 
level  rQ  .  A  three- ion  gas  model  consisting  of  oxygen  (0T)  ,  helium  (HeT)  ,  and  Hydrogen 
(H+)  ions  is  assumed.  The  various  parameters  in  the  density  equation  have  the  following 
values: 


kT, 


Mig(r0) 


(10) 


and 


Mi  are  the  temperature  and  mass,  res¬ 


ts  the  acceleration  due  to  gravity  at  the  reference 


where 

symbol 

height 

height 


^He 

4, 


1000° K  for  both  electrons  and  ions 


0.  2  x  10' 17  1000 


=  1.96  x  10 


-2 


0. 16  x  10'T/50° 

£ 


1.6  x  10 


-  3 


—  =  0.9788 

P  P 


1  +  G.2  x  10'I/IOO°  t  0. 16  x  ioT/50° 
1.0216  . 


(11a) 

(lib) 


(11c) 


(lid) 


(lie) 


The  technique  suggested  by  Swayze13  is  used  to  join  the  exospheric  profile  smoothly 
with  that  of  the  F- layer  between  350  and  1000  km.  The  expression  for  N..  is  modulated 
by  a  factor 


exp 


(12) 


where  h  is  the  altitude  in  kilometers. 
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The  electron  density  as  a  function  of  altitude  at  various  geomagnetic  latitudes  is 
shown  in  Figure  9. 


7.  MODEL  FOR  THE  IONIZATION  IRREGULARITIES 


The  following  assumptions  are  made  in  the  development  of  this  model: 

(i)  The  ionization  in  the  irregularities  is  distributed  in  discrete  columns  or  sheets 
separated  in  latitude  and  aligned  with  the  magnetic  field  lines. 

(ii)  The  transverse  scale  of  the  field  aligned  irregularities  follows  the  transverse 
(meridional)  dimensions  of  the  tube  of  magnetic  flux. 

(iii)  The  peak  enhancement  varies  inversely  as  the  transverse  dimensions  of  the  tube 
of  magnetic  flux. 

(iv)  The  variation  of  the  density  within  the  irregularity  follows  a  Gaussian  distribution 
transverse  to  the  magnetic  field.  The  Gaussian  distribution  satisfies  the  equations 
for  the  diffusion  of  charged  particles  across  a  field  line. 

Hence 


N2(r.0)  = 


(13) 


Nq  is  the  peak  ionization  enhancement  and  HQ  is  the  scale  size  of  the  irregularity  at 
the  base  of  the  field  line. 


t  Meridional  width  at  {t,B) 
t0  Meridional  width  at  (r0,i90) 

sin3  6  (4-3  sin3  P0)1/2 
sin3  PQ  (4-3  sin3  P)1'2 


While  specifying  the  initial  coordinates  of  the  starting  point,  the  geographic  latitude, 
\  ,  and  the  longitude.  <f>a  ,  are  converted  to  geomagnetic  coordinates  \B  and  by 
using  the  following  transformation  equations: 


where 


and 


tan  Xm  =  -tan  (\a-XQ)  sin  x  sec  (x  +  <pQ)  (15) 

tan  =  -cos  tan  (x  +  <t>Q)  .  (16) 

x  =  arctan  {cos  (\a-\0)  cot  <t>a)  (17) 

=  +78.5°  and  \0  =  +291.0° 


are  the  geographic  coordinates  of  the  geomagnetic  pole. 
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RESULTS 


Figures  10  through  14  show  a  few  results  of  the  ray  tracing.  Figures  10  through  13 
simulate  some  of  the  conjugate  echo  paths  observed  in  Alouette  2  ionograms.  Parameters 
shown  in  the  figures  are  defined  as  follows: 


PKFRAC 

LAMBDA 

Ao 

Bo 

PHI  and  THETA 
The  frequency 


=  the  geocentric  distance  (km)  of  the  initial  signal  position, 

=  the  peak  fractional  ionization  enhancement, 

=  the  colatitude  of  the  field  line, 

=  the  initial  angle  the  ray  makes  with  the  local  vertical, 

=  the  initial  angle  the  ray  makes  with  the  South  vector, 

=  the  magnetic  longitude  and  colatitude  of  the  initial  signal  position, 
of  the  signal  is  1.0  MHz  for  the  cases  considered  in  Figures  10  through  13. 


Each  figure  consists  of  two  plots.  The  rectangular  plot  shows  the  distance  ui  the  ray 
from  the  field  line  versus  the  distance  along  the  field  line  from  the  near  end.  The  polar 
plot  shows  the  actual  ray  path  with  reference  to  the  surface  of  the  Earth.  The  polar  plots 
give  a  clear  indication  of  the  positions  of  the  conjugate  reflection  points  as  well  as 
the  L  value  of  the  field  line  guiding  the  rays. 


Figure  10  shows  the  L  =  1.76  case  using  a  peak  electron  density  enhancement  of  13.0% 
at  the  point  the  ray  is  launched.  A  peak  enhancement  of  13.0%  at  a  geocentric  distance  of 
10,022  km  corresponds  to  a  much  smaller  percentage  at  lower  altitudes.  The  ray  starts  at 
about  12.500  km  along  the  field  line  from  the  northern  hemisphere.  It  gets  reflected  on 
its  way  towards  the  Earth  and  travels  all  the  way  back  to  the  southern  hemisphere  where  it 
is  reflected  again.  The  program  was  stopped  deliberately  when  the  ray  was  at  15,500  km 
along  the  field  line.  Otherwise  it  could  have  bounced  back  and  forth  indefinitely.  The 
bowing  of  the  pattern  at  the  equator  is  caused  by  larger  scale  sizes  near  the  equator  so 
that  the  ray  rides  further  out  from  the  field  line  because  the  enhancement  structure  is 
wider. 


The  oscillatory  nature  of  the  ray  path  seen  in  the  rectangular  plot  is  caused  by  the 
ray  being  launched  too  far  away  where  the  electron  density  gradient  is  insufficient  to 
bend  the  ray  back  towards  the  direction  parallel  to  the  field  line.  The  ray  essentially 
tends  to  continue  in  a  straight  line,  but  appears  to  fall  in  towards  the  field  line  since 
the  field  line  is  curved.  When  the  ray  gets  close  enough,  the  gradient  is  large  enough 
to  bend  the  ray  away  from  the  field  line  and  the  apparent  inward  motion  stops  in  the 
rectangular  plot.  It  follows  that  similar  oscillations  also  occur  if  the  ray  is  launched 
too  close  to  the  field  line  or  at  the  wrong  angle  relative  to  its  equilibrium  position. 

A  careful  launching  of  the  signal  can  eliminate  all  these  initial  oscil) ations,  even 
though  they  may  grow  later  when  the  ray  crosses  the  equator  or  upon  reflection. 

In  Figures  11  and  12,  the  rectangular  plots  show  one  reflection  each  for  the  cases 
L  =  1.63  and  L  =  1. 53  ,  respectively,  while  the  corresponding  polar  plots  show  several 
round  trips.  For  these  two  cases  the  peak  enhancement  is  6%  at  the  point  of  launch. 

Figure  13  shows  how  a  small  peak  enhancement  is  sufficient  (3.0%)  to  trap  the  rays  if 
the  signal  is  properly  launched.  The  physical  conditions  are  the  same  as  for  the  case  of 
Figure  10 

Figure  14  relates  to  an  L  =  2  field  line  and  shows  the  manner  in  which  a  ray  typically 
escapes  when  the  oscillations  grow  too  large,  even  with  sufficient  peak  enhancement  A 
frequency  of  2.00  MHz  is  used  for  this  case. 
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Fig.  4 


The  "double  hook”  pattern  recorded  at  Quito,  Ecuador,  on  August  18,  1966,  at 
08:00:05  GMT.  (Local  time  =  02:07:46,  geomagnetic  latitude  =  12.  56°N, 
geomagnetic  longitude  =  18.22°Vt,  L  =  1.53) 


FMOUtNCT  (MH|) 


The  "triple  hook"  pattern  recorded  at  Santiago,  Chile,  on  April  22,  1966,  at 
09:01:48  GMT.  (Local  time  =  04:38:41,  geomagnetic  latitude  =  19. 53°S, 
geomagnetic  longitude  =  2. 54°E,  L  =  1.63) 


FREQUENCY  (MHz) 


The  “Equatorial  Trace"  pattern  recorded  at  Quito,  :uador  on  April  22,  1966  at 
08:55:03  GMT.  (Local  Time  -  04:  24:  29,  geomag.  lat.  =  3.  32PS, 
geomag.  long.  =  1.05°E,  L  =  1.45) 
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lonogram  showing  conjugate  echoes  for  a  high  L  value  (L  =  1.76)  recorded  at 
Johannesburg,  South  Africa,  on  August  T.2,  1966,  at  02: 02:  54  GMT.  (Local  Time 
-  02:37:05,  geomagnetic  latitude  =  -19  05°S, 
geomagnetic  longitude  =  74. 53°E) 
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Fig. 10  Ray  tracing  showing  multiple  reflections  along  the  L  =  1.76  field  line  for 
13.0%  peak  enhancement  of  electron  density  at  a  geocentric  distance 
10,022.00  km  (frequency  =  1  MHz,  extraordinary  wave) 
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EVALUATION  AND  DISCUSSION 

Pour  participants  were  asked  by  the  Programme  Chairman  to  give,  after  the  last  formal 
paper,  their  views  and  comments  on  the  value  of  the  symposium.  After  their  summing  up, 
which  is  recorded  here,  there  was  a  general  discussion. 


A  Review  of  the  Tropospheric  Scatter  Session,  by  F.Eklund. 

When  I  was  asked  to  give  some  sort  of  review  intended  to  point  out  the  most  important 
achievements  of  this  meeting  within  the  field  of  tropospheric  scatter  propagation,  it  seemed 
difficult  for  me  to  do  so.  This  is  the  first  AGARD-EPC  meeting  I  have  attended,  and  T  am  a 
member  of  a  non-NATO  country,  so  I  did  not  really  know  what  to  expect  from  the  meeting. 
Furthermore,  there  are  many  impressions  that  one  gets  at  a  meeting  like  this,  so  it  is  not 
easy  to  take  an  overall  view,  which  is  necessary  in  order  to  say  which  are  the  main  advances, 
while  one  is  still  at  the  meeting. 

Research  work  in  the  field  of  tropospheric  sc-  -ering  has  been  going  on  for  almost  two 
decades,  so  I  think  one  should  not  expect  any  dramatic  progress. 

During  past  years  it  has  successively  become  apparent  that  we  need  a  more  detailed  picture 
of  the  troposphere  for  radiometeorological  purposes  than  is  usually  required  for  ordinary 
meteorological  work. 

The  fact  that  the  irregular  structure  of  the  troposphere  affects  the  propagation  of  radio 
waves  gives  us  new  tools  for  tropospheric  investigations,  in  the  sense  that  it  should  be 
possible  to  map  tropospheric  irregularities  by  analysing  the  radio  field  that  is  scattered 
by  the  irregularities. 

If  we  become  successful  with  this  technique  I  am  sure  it  will  provide  a  background  for 
very  important  progress  in  the  understanding  of  meteorological  processes  near  the  earth. 

There  have  been  contributions  here  which,  in  a  very  convincing  way,  prove  that  scattered 
radio  waves  can  be  used  to  give  a  detailed  picture  of  the  distribution  of  turbulent 
irregularities  and  of  their  average  movements. 

When  one  wants  to  create  a  model  for  the  tropospheric  refractive  index  field,  difficulties 
arise  because  one  does  not  really  know  what  the  refractive  index  irregularities  look  like, 
and  these  are  important  for  the  propagation  problem. 

One  important  question  is:  Below  which  wavelength  do  ordered  layer-,  sheet-,  facet-like 
structures  play  a  dominant  role  and,  on  the  other  hand,  above  which  wavelength  is  it 
sufficient  to  consider  that  incoherent  scatter  from  turbulent  fluctuations  obey  essentially 
the  -5/3  law? 

Results  reported  at  this  meeting  have  given  some  indications  that  at  wavelengths  longer 
than  30  cm,  reflections  in  layer-like  structures  are  of  a  great  importance,  and  at  wave¬ 
lengths  shorter  than  10  cm  scattering  by  quasi -homogeneous  and  approximately  isotropic 
refractive  index  variations  can  account  for  most  of  the  propagation  phenomena  observed  in 
tropospheric  forward  scatter  experiments. 

When  we  have  tried  to  find  correlation  between  meteorological  features  and  propagation 
characteristics  we  have,  in  the  past,  often  used  relatively  long  term  average  values  of 
different  quantities.  However,  work  has  been  presented  here  which  clearly  shows  that 
relevant  structures  of  the  tropospheric  refractive  index  field  move  fast,  and  their  proper¬ 
ties  change,  within  very  short  intervals  of  time,  so  the  need  for  better  spatial  resolu¬ 
tion  and  shorter  integration  time  when  performing  radio  propagation  measurements  together 
with  meteorological  measurements  has  been  clearly  demonstrated. 


I  should  like  to  stress  the  need  for  continuous  refinement  of  the  theories  of  scatter 
propagation.  There  are  many  cases  in  troposcatter  propagation  where  it  is  now  only  a  guess 
that,  for  example,  multiple  scatter  is  of  negligible  importance.  Reliable  and  practically 
applicable  theories  for  multiple  scattering  that  could  change  this  guess  into  a  well-founded 
statement  are  wanted.  I  think  that  the  theoretical  work  presented  were  will  be  of  some 
help  in  this  respect. 

The  electronic  technique  has  long  ago  become  so  advanced  that,  in  many  cases,  the  limits 
for  the  accuracy  of  different  systems  using  free  radio  waves  are  not  set  by  the  equipment 
itself  but  by  th*  way  in  which  the  propagation  channel  distorts  the  signal.  I  am  thinking 
of  precision  distance  or  direction-finding  equipment,  especially  in  the  microwave  band,  and 
extreme  wide-b&nd  radio  links. 

In  order  to  tell  what  the  limits  are,  we  need  an  almost  unlimited  number  of  detailed 
measurements  of  propagation  characteristics  in  time,  frequency  and  space  domains. 

Against  this  background  I  should  personally  have  liked  some  more  data  presented  here  on 
the  effect  of  scattering  from  refractive  index  irregularities  over  optical  paths. 

But  something  must  be  left  for  AGARD-EPC  meetings  to  come.  As  a  whole  it  has  been  a 
very  stimulating  meeting. 


Recapitulation  of  Ground  Scatter  Session,  by  E.C. Hayden 

I  should  like  to  underscore  a  number  of  Mr.  Eklund’ s  remarks,  especially  those  relative 
to  the  need  for  more  detailed  knowledge  -  both  theoretical  and  observational  -  of  the 
mechanisms  behind  the  various  manifestations  of  signal  scattering,  this  is  in  contrast 
to  direct  description  of  the  scattered  signal  itself.  While  the  latter  may  well  be  the 
ultimate  goal,  knowledge  of  the  former  is  the  best  base  from  which  to  achieve  the  latter, 
especially  when  extrapolation  beyond  existing  observation  is  required. 

The  need  can  be  illustrated  by  the  problem  of  the  ground  scatter  coefficient  in  the  HF 
portion  of  the  spectrum.  We  do  not  yet  know  completely  from  observation  how  this  parameter 
varies  as  a  function  of  frequency,  incidence  angle,  scattering  angle,  and  terrain  type.  We 
can  (perhaps)  empirically  devise  mathematical  models  that  fit  what  observational  data  we  do 
have.  However,  we  do  not  yet  know  how  to  translate  physical  terrain  descriptions  directly 
into  mathematical  models  which  reproduce  the  observed  behaviour  over  its  full  range.  Thus 
we  cannot  yet  say  that  we  understand  the  process,  and  we  are  not  in  a  good  position  to 
extrapolate  behavior  to  situations  beyond  those  for  which  direct  observational  confirma¬ 
tion  is  available. 

On  a  larger  scale,  and  in  a  different  area,  similar  need  is  illustrated  by  the  problem  of 
interpreting  ground  backscatter  records  such  as,  for  exampin,  those  presented  by  Barclay  and 
Muldrew.  Here  the  ground  scatter  phenomenon  enters  only  incidentally,  making  possible  the 
observations,  though  its  imprint  is  implicitly  impressed  on  the  records.  While  we  can 
securely  interpret  many  features  on  backscatter  records  that  are  due  to  regular  ionospheric 
structure,  the  interpretation  of  irregular  features  is  yet  a  highly  speculative  game.  We 
are  still  at  the  stage  in  the  game  where  we  are  trying  to  infer  from  (he  radio  observations 
the  nature  and  behavior  of  the  atmospheric  perturbations,  or  the  sea  state,  and  it  turns 
out  that  the  process  for  making  chat  inference  is  distressingly  complex.  The  odds  have  been 
greatly  rcauced  by  the  development  of  good  ray-tracing  techniques,  but  unfortunately  this 
process  of  synthesis-by-analysis  offers  no  certainty  of  any  solution,  let  alone  a  unique 
solution,  for  the  cause  of  the  irregular  signal  features.  Ray  tracing  does,  however,  pro¬ 
vide  a  secure  cause-to-effect  bridge. 

Here  a  number  of  Mr. Eklund’ s  comments  on  tropospheric  problems  have  direct  ionospheric 
counterparts.  As  in  the  case  of  propagation  in  the  troposphere,  we  do  not  yet  understand 
fully  the  nature  of  the  atmospheric  phenomena  whose  effects  we  are  seeing  in  the  radio 
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records  (though  I  am  sure  we  do  have  some  good  clues).  Most  particularly,  we  do  not  yet 
know  the  sources  of  these  atmospheric  disturbances  with  any  significant  degree  of  certainty. 
Information  from  other  disciplines  -  global  and  regional  meteorology,  and  auroral  and 
magnetospheric  studies,  for  example  -  is  needed  to  supplement  the  radio  data.  Direct 
correlations  between  effect  and  suspected  cause  are  sadly  lacking.  Once  this  cause-and- 
effect  gap  is  closed,  mutual  benefit  should  certainly  accrue  to  all  related  disciplines. 

In  these  areas  it  seems  important  to  promote  more  effective  interaction  between  the 
theoretical  and  observational  sides  of  the  game.  The  problem  is  to  delineate  and  under¬ 
stand  existing  physical  systems,  whose  configuration  we  neither  fully  know  nor  can  freely 
control  or  adjust.  This  problem  is  rather  different  from  either  analysis  of  the  behavior 
of  a  fully  specified  system  or  synthesis  of  some  system  exhibiting  a  prescribed  behavior 
within  limits.  Good  observational  information  is  essential,  first  to  suggest  theoretical 
models,  and  then  to  test  the  correspondence  in  behavior  of  such  models  to  that  of  the 
physical  world.  Theoretical  models  are  just  as  essential,  because  it  is  in  terms  of  such 
that  we  can  dare  to  say  we  “understand"  what  is  going  on. 

In  the  review  paper  on  ground  scatter,  four  items  were  singled  out  that  seemed  to  me  to 
be  troublesome.  It  is  interesting  that  authors  in  this  session  have  scored  direct  hits  on 
three  of  the  items,  and  a  sort  of  oblique  hit  on  the  fourth. 

The  problem  of  improving  the  spatial  resolution  of  antenna  systems  for  use  in  backscatter 
radar  systems  was  attacked  by  Shearman  and  Clarke  (Paper  11).  They  described  an  aperture 
synthesis  technique  involving  an  ingenious  and  efficient  optical  data-processing  method.  If 
a  full  scale  counterpart  is  put  into  operation,  it  will  be  quite  interesting  to  see  how 
effective  it  is  in  delineating  the  partially  coherent,  spatially  extended,  backscatter 
source. 

The  use  of  information  in  the  backscatter  signal  in  addition  to  signal  amplitude  was 
touched  or  ly  ioutelard,  who  related  ionospheric  variations  to  amplitude  and  spectral  pro¬ 
perties  of  r.h>  backscattered  signal. 

Three  papers,  those  by  Goutelard,  Biggs  and  Rider  (Papers  6,  2  and  10),  were  concerned 
with  the  ground  scatter  coefficient.  The  paper  by  Goutelard  was  of  particular  interest  to 
HF  practice.  The  treatment  of  scatter  in  all  directions,  including  forward,  for  a  variety 
of  surface  contour  configurations  provides  useful  new  insight.  Biggs  presented  information 
on  the  backscatter  coefficient  at  microwaves  of  the  ocean  surface  and  of  sea  ice,  and  dis¬ 
cussed  the  use  of  backscatter  techniques  in  terrain  investigation.  Rider  presented  a 
treatment  of  the  effects  of  ground  forward  scatter  on  microwave  signal  fading. 

The  interpretation  of  ground  backscatter  records  was  discussed  by  Barclay,  Muidrer, 
Maliphant,  and  Georges  (Papers  4,8,7  and  55).  The  first  two  authors  presented  backscatter 
records  showing  unusual  signal  configurations,  and  proposed  interpretations  in  terms  of 
ionospheric  structure,  ground  scatter  coefficient,  or  sea  state.  The  last  two  authors 
showed  methods  for  using  ray  tracing  to  aid  in  interpretation  cf  backscatter  records.  In 
all  of  these,  it  becomes  evident  that  focusing  or  diffraction  effects  are  considerable, 
while  the  dynamic  range  of  equipment  is  limited,  leading  to  problems  in  recording  and  hence 
interpretation.  This  group  of  papers,  and  the  discussion  they  engendered,  serve  to 
emphasize  how  primitive  are  the  techniques  we  are  yet  using  to  interpret  backscatter  re¬ 
cords.  E.icept  for  the  effects  of  the  regular  ionosphere,  we  are  still  not  able  to  relate 
observed  signal  behavior  to  geophysical  phenomena  with  a  high  degree  of  certainty. 

In  addition  to  the  subjects  already  mentioned,  observations  on  side-scatter  transmission 
were  contributed.  Rice  (Paper  9)  described  results  over  a  path  of  rather  short  length, 
were  the  scatter  region  subtended  a  large  angle  at  the  receiver.  Crochet  (Paper  3)  described 
results  on  a  longer  path,  with  perhaps  several  discrete  scatter  regions.  Thus  the  two 
reports  were  complementary.  Both  contributed  to  understanding  of  the  occurrence  of  this 
transmission  mode  and  to  the  character  of  signals  transmitted  by  it. 

As  a  last  observation,  there  is  a  strong  need  to  gather  together,  and  translate  into 
engineering  form,  isolated  scientific  observations  such  as  were  presented  at  this  meeting. 
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Such  information  would  then  be  generally  available  for  incorporating  the  effects  of  ground 
scatter  into  engineering  and  operational  calculations.  Until  this  is  done,  the  job  remains 
Incomplete  and  academic. 


Comments  on  the  Symposium,  by  K. Davies. 

Never  having  worked  in  the  field  of  scatter  propagation,  I  am  a  poor  choice  as  a  re¬ 
viewer  of  this  symposium.  To  an  outsider  this  meeting  is  characterized  as  much  by  what  it 
did  not  contain  as  by  what  it  did  contain.  If  this  meeting  had  been  held,  say,  ten  years 
ago,  the  sessions  on  the  ionosphere  would  have  been  completely  dominated  by  very  high 
frequency  forward  scatter  from  the  D-region  and  by  reflections  from  meteor  trails.  It  is 
interesting  to  see  that  the  only  paper  on  D-region  VHP  forward  scatter  was  the  excellent 
(invited)  review  paper  by  R.C. Kirby  (Paper  38).  There  were  no  papers  on  meteor  propagation. 
Does  this  indicate  the  demise  of  research  in  these  areas? 

As  far  as  the  ionosphere  is  concerned  there  is  a  clear  shift  in  emphasis  from  the  lower 
(D  and  E)  regions  to  the  P- region.  Even  here  a  number  of  workers  considered  the  ionosphere 
merely  as  a  transmission  medium  for  ground  scattered  signals  rather  than  as  a  source  of 
scattering.  These  workers  have  stressed  the  great  importance  of  ray  tracing  in  the  inter¬ 
pretation  of  experimental  results. 

Yet  another  omission  was  the  absence  of  an  extensive  discussion  of  the  use  of  scatter 
signals.  It  was  pointed  out  that  in  equatorial  regions  scatter  signals  are  quite  strong. 
Hence  it  should  be  possible  to  use  these  signals  for  communication  purposes.  It  is  my 
personal  feeling  that  the  experimentalists  at  the  meeting  failed  to  make  the  most  of  the 
theoreticians  present  (especially  the  aerodynamicists).  This  is  largely  due  to  the  full 
program,  which  has  tended  to  limit  discussion. 

Listening  to  the  papers  one  gets  the  impression  that  most  of  the  experiments  on 
ionospheric  scatter  have  been  of  an  ad  hoc  nature.  That  is,  a  transmitter  and  receiver 
have  been  set  up  to  measure  signals,  with  relatively  little  regard  to  the  overall  picture. 

We  are  clearly  at  the  stage  where  definitive  experiments  are  required  in  which  the 
frequencies,  path  lengths,  and  equipment  characteristics  are  carefully  controlled,  in  order 
to  determine  something  about  the  nature  of  the  scattering  processes. 


Comment  on  the  Meeting,  by  P,  A. Forsyth 

The  comments  you  have  heard  seem  fairly  to  summarize  the  main  impact  of  this  meeting. 

I  have  only  a  few  observations  to  add. 

During  the  meeting  I  was  struck  by  the  fact  that  very  little  of  the  discussion  seemed 
to  involve  consideration  of  the  actual  mechanism  of  scattering  of  electromagnetic  waves. 

In  contrast  to  the  situation  that  prevailed  a  few  years  ago,  there  now  seems  to  be 
general  agreement  regarding  the  various  scattering  mechanisms  that  can  operate.  The 
uncertainties  now  seem  to  be  concentrated  in  the  realm  of  geophysics.  Most  of  our  time  was 
taken  up  in  trying  to  arrive  at  adequate  descriptions  of  the  tropospheric  or  ionospheric 
(or  aquatic)  phenomena  which  gave  rise  to  the  observed  scattering.  This  is  a  happy  state, 
since  it  focuses  our  attention  on  the  utility  of  scatter  as  a  tool  in  the  investigation  of 
physical  phenomena. 

There  was  less  optimism  regarding  the  widespread  utilization  of  the  various  scatter  modes 
for  efficient  communications  than  was  customary  in  the  past.  I  am  sure  that  this  more 
realistic  approach,  due  in  part  to  the  introduction  of  communication  satellites,  will  be 
welcomed  by  the  users,  who  will  still  need  to  turn  from  time  to  time  to  scatter  modes  to 
fulfil  particular  requirements. 
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I,  too,  would  like  to  comment  on  the  omission  of  meteor  scatter  from  the  conference.  To 
me  this  omission  seems  justified,  not  because  we  know  all  we  need  to  know  about  this  un¬ 
usual  scatter  mode  but  because  the  subject  is  in  one  of  those  periods  of  consolidation  where 
one  level  of  understanding  is  fairly  complete  and  the  next  level  has  not  been  sufficiently 
penetrated  to  provide  a  profitable  basis  for  discussion. 

There  are  a  few  areas  that  were  discussed  -  transequatorial,  auroral  and  VHF  scatter  come 
to  mind  -  on  which  there  is  still  some  lack  of  basic  data  from  which  to  infer  an  acceptable 
model.  In  these  cases  it  does  seem  that  much  assistance  could  be  derived  from  measurements 
made  by  rocket  or  satellite,  and  these  should  be  encouraged,  but  only  under  conditions  that 
permit  direct  comparison  with  radio  measurements. 

For  the  future,  clearly  there  are  specific  questions  that  need  answering  and  I  am  sure 
that  research  already  in  progress  will  provide  most  of  these  answers.  This  meeting  brought 
to  my  attention  the  uncertainty  regarding  the  nature  of  the  F-region  irregularities  re¬ 
sponsible  for  scattering.  This  is  a  problem  that  likely  will  need  a  concentrated  effort, 
using  a  wide  variety  of  approaches,  for  its  solution. 

It  would  be  too  much  to  expect  a  universal  recipe  for  the  experimental  approach  to 
scattering  but,  in  listening  to  the  background  papers  covering  the  various  scatter  modes, 

I  was  struck  by  some  common  elements  in  the  histories.  Typically,  the  theorist  is  left 
floundering  until  he  is  presented  with  certain  basic  data  and,  once  those  data  are  presented, 
a  satisfactory  model  emerges  quickly.  The  data  needed  relates  to  the  frequency  dependence 
and  angular  dependence  of  the  scattering,  the  frequency  spectrum  and  the  spatial  charac¬ 
teristics  of  the  scattered  signal  and,  sometimes,  the  degree  to  which  polarization  is 
affected  by  the  scattering  process.  These  data  are  sometimes  difficult  to  obtain  but  little 
can  be  done  without  them. 


General  discussion  after  Session  VII. 

Professor  M.  Z.  von  Krzywoblocki :  I  agree  with  Dr  Eklund  that  multiple  scattering  should  be 
explained  theoretically.  Turbulence  fundamentals  are  not  sufficiently  developed.  The 
paper  presented  by  Professor  Tchen  has  shown  how  much  trouble  we  have  in  applying  the 
theory  of  turbulence  (any  theory)  to  the  scatter  phenomenon.  The  scientists  who  argue 
about  the  fundamentals  of  the  electromagnetic  theory  should  be  welcome  and  invited.  The 
Maxwell  equations  were  mostly  guessed  at  and  not  rigorously  derived  on  the  basis  of  a  set 
of  axioms.  One  should  argue  and  look  for  means  of  revising  and  remodeling  the  Maxwell 
equations.  It  is  my  impression  that  there  have  not  been  enough  papers  presented  here 
dealing  with  mathematical  models.  The  aerodynami cists  should  have  been  invited  to  attend 
and  contribute  to  the  present  meeting  of  the  EPC. 

Professor  C.  M.  Tchen:  The  term  “scattering  by  turbulence’’  has  often  been  used  in  this 
meeting.  From  the  many  experimental  results,  I  do  not  see  any  confirmation  of  the  presence 
of  a  turbulent  medium  with  a  turbulent  structure.  On  the  other  hand,  most  theories  of 
scattering  by  turbulence  use  the  wave  propagation  equation  with  a  stochastic  refractive 
index  coming  from  the  random  density  fluctuations,  and  at  the  same  time  suggest  the 
Kolmogorov  spectral  law  for  the  density  spectrum.  This  raises  a  paradox,  because  the 
scattering  theories  have  not  considered  the  velocity  fluctuations,  while  the  Kolmogorov 
theory  deals  strictly  with  the  velocity  fluctuations  and  not  with  the  density  fluctuations. 

I  agree  with  the  previous  speakers  who  would  like  to  encourage  participation  by 
hydrodynamicists  in  future  meetings  on  turbulent  scattering. 

Professor  E.  D.  R.  Shearman:  The  papers  on  backscatter,  and  M.  Goutelard’ s  contribution  in 
particular,  seem  to  me  to  underline  the  desirability  to  consider  propagation  modes  in  which 
the  rays  travel  out  and  back  by  different  routes.  Dr  Goutelard  has  shown  that  these  rays 
can  have  comparable  amplitude  to  those  now  considered.  Such  modes  would  be  particularly 
important  in  summer  daytime  with  F2,  FI,  E  and  Es  propagation  all  present.  This  also 
indicates  the  desirability  of  measurements  to  find  out  the  vertical  angle  at  which  the 
modes  arrive. 


Also  I  would  like  to  throw  out  a  provocative  question.  Is  there  any  need  to  do  research 
on  HF  communication  at  the  present  time  when  satellites  appear  to  offer  more  reliable 
communication  links  for  most  of  the  present  HF  circuits?  Are  we  doing  research  of  the  kind 
that  was  recently  criticised  by  a  commission  in  the  UK  -  development  of  more  efficient 
locomotive  boilers  shortly  before  the  last  steam  locomotive  was  due  to  be  phased  out  by 
British  Rail? 

Dr  E.C. Hayden:  One  might  appeal  to  the  growth  of  population  and  Parkinson’s  law  to  get  some 
idea  of  the  potential  future  of  HF  radio.  It  seems  to  me  that  if  there  is  a  usable  facility 
for  communication,  •  use  will  be  found  for  it.  Having  been  interested  in  HF  radio  since  my 
High  School  days,  mj  one  continuing  impression  is  that  the  band  has  always  been  too  crowded, 
and  that  it  might  be  a  good  thing  if  satellites  and  other  systems  took  up  the  load  so  that 
we  could  get  down  to  using  the  HF  band  properly!  Aside  from  the  communication  uses,  I  would 
note  that  this  is  still  the  part  of  the  spectrum  in  which  the  greatest  interaction  exists 
between  radio  waves  and  the  upper  atmosphere.  In  this  role  HF,  far  from  being  obsolete,  is 
probably  near  the  beginning  of  an  era  of  exploration  of  the  dynamics  of  the  upper  atmosphere. 
It  seems  that  the  dynamic  phenomena  is  that  region  may  be  more  important  than  earlier 
meteorological  models  have  indicated. 

Dr  J.Ramasastry:  I  am  trying  to  defend  HF  research  indirectly  and  from  one  point  of  view. 

It  may  be  true  that  communications  usage  of  the  HF  band  may  become  obsolete  in  the  present 
age.  However,  the  use  of  HF  to  study  geophysical  phenomena  cannot  be  ignored.  I  am,  my¬ 
self,  planning  to  do  a  better  designed  satellite  propagation  experiment  using  HF  band  to 
uniquely  establish  the  physical  characteristics  of  field-aligned  ducts  of  ionization  ir¬ 
regularities,  which  are  responsible  for  the  guidance  of  HF  waves  in  the  magnetosphere. 

Dr  0. Holt:  One  aspect  that  we  ought  to  be  concerned  with  in  this  audience  is  the  military 
application.  Satellites  may  be  rather  vulnerable  in  wartime  compared  with  HF  communications. 
Also,  I  believe  that  HF  communications  for  many  circuits  will  compare  favourably  in  price 
for  many  years  yet. 

Dr  C. R. Roberts:  There  is  a  use  of  the  ionosphere  that  has  not  been  mentioned  here,  and  that 
is  its  use  as  a  mirror  for  radar  signals.  There  is  much  yet  to  be  learned  about  the 
ionosphere  as  far  as  this  application  is  concerned,  including  the  effects  of  ionospheric 
ducting,  instabilities  and  irregularities  as  well  as  ground  scatter. 

On  the  measurements  of  ground  scatter  discussed  during  the  meeting  -  the  use  of 
sporadic-E  was  mentioned.  In  collecting  considerable  data  with  a  high  resolution  system 
we  have  found  that,  while  the  signal  appears  quite  stable  in  azimuth  of  arrival,  amplitude 
fluctuations  can  be  severe,  depending  upon  the  type  of  sporadic-E  used.  This  is  a  study 
in  itself.  In  measuring  ground  scatter  by  use  of  sporadic-E,  the  accuracy  will  very  much 
depend  on  taking  the  characteristics  of  the  layer  structure  into  account. 

Dr  A.Roederer:  I  should  like  to  raise  the  following  question:  does  the  development  of 
frequency-independent  antennas  bring  any  significant  improvement  in  HF  communications,  and 
in  particular  in  the  study  of  backscattering’ 

Dr  D. L. Nielson:  Since  frequency-independent  antennas  are  invariably  wide-beam  devices,  they 
have  two  disadvantages  in  backscatter  work.  First,  due  to  low  gain,  the  signal-to-noise 
ratio  is  reduced;  but,  more  important,  the  directivity  usually  required  in  backscatter  work 
is  not  available  from  such  antennas  unless  they  are  arrayed  together. 
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